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ABSTRACT: Platinum-catalyzed enantioselective 1,4-diboration of cyclic 1,3-dienes is 
reported, providing enantioenriched 1,4-bis(boronic) esters in good yield and up to 96:4 
er. The analogous diboration reaction of imines generated enantioenriched α-amino 
boronic esters, which are valuable therapeutic candidates and useful synthetic building blocks. 
-Substituted allyl bis(boronic) esters, which are derived from 1,2-diboration of 1,3-dienes, 
undergo double allylation with 1,4-dicarbonyls to afford cyclic 1,4-diols bearing four 
contiguous stereocenters in a one-pot fashion with moderate to excellent diastereoselectivity. 
The development of a synthesis of geminal bis(boronic) esters is disclosed. These unique 
compounds were utilized in an alkoxide-promoted deborylative alkylation to access primary, 
secondary and tertiary boronic esters. 
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Chapter 1  
1 Development of the Catalytic Enantioselective 
1,4-Diboration of 1,3-Cyclic Dienes 
 
1.1 Introduction 
Over the past few decades, substantial progress has been achieved in the transition 
metal-catalyzed dimetallation of unsaturated hydrocarbons, which allows rapid 
conversion of simple and inexpensive starting materials to synthetically useful building 
blocks.
1
 By taking advantage of the previously developed protocols, the dimetallation 
products could be further manipulated to generate a variety of functional group patterns. 
Thus, the establishment of a single method in catalysis, instead of unique catalysts and 
conditions for each transformation, provides access to a large array of products from a 
common starting material (Scheme 1.1). 
 
 
 
 
                                                 
 
1
 Beletskaya, I.; Moberg, C. Chem. Rev. 2006, 106, 2320. 
2 
 
Scheme 1.1 Dimetallation of Unsaturated Hydrocarbons to Access a Diverse Range of 
Products 
 
 
While numerous examples of the dimetallation reaction have been reported 
utilizing disilanes, distannanes, silylboranes, silylgermanes and borylstannanes,
2
 these 
dimetallation reagents are in general toxic and expensive. Furthermore, the 
transformation of C-Si, C-Sn and C-Ge bonds are mostly restricted to protonation, 
oxidation, and limited examples of cross coupling reactions. In contrast, diboron reagents 
(e.g. bis(pinacolato)diboron) are generally non-toxic and less expensive. The resulting 
                                                 
 
2
 (a) Oestreich, M.; Hartmann, E.; Mewald, M. Chem. Rev. 2013, 113, 402. (b) Suginome, M.; Ito, Y. Chem. 
Rev. 2000, 100, 3221. (c) Obora, Y.; Tsuji, Y.; Kakehi, T.; Kobayashi, M.; Shinkai, Y.; Ebihara, M.; 
Kawamura, T. J. Chem. Soc., Perkin Trans. 1 1995, 599. (d) Onozawa, S. Y.; Hatanaka, Y.; Choi, N.; 
Tanaka, M. Organometallics 1997, 16, 5389. 
3 
 
organoboronic esters are well known to participate in oxidation,
3
 amination,
4
 
homologation
5
 and other boron-based transformations.
6
 As depicted in Scheme 1.2, this 
unique reactivity stems from the inherent nature of the boron atom: with a vacant 
p-orbital, it is prone to nucleophilic attack to form the boron-ate complex (1.1→1.2). If a 
leaving group is attached to the nucleophile, the intermediate 1.2 will undergo a 
stereoretentive 1,2-migration to generate the product 1.3.  
Organoboronic esters also participate in transmetallation under mild conditions. It 
is noteworthy that the -carbon center of alkylboronic esters is configurationally stable 
which allows preparation of stereodefined organoborons. Those reagents could undergo 
                                                 
 
3
 (a) Brown, H. C.; Snyder, C.; Subba Rao, B. C.; Zweifel, G. Tetrahedron 1986, 42, 5505. (b) Zweifel, G.; 
Brown, H. C. Org. React. 1963, 13, 1. 
4
 (a) Mlynarski, S. N.; Karns, A. S.; Morken, J. P. J. Am. Chem. Soc. 2012, 134, 16449. (b) Bagutski, V.; 
Elford, T. G.; Aggarwal, V. K. Angew. Chem., Int. Ed. 2011, 50, 1080. (c) Hupe, E.; Marek, I.; Knochel, P. 
Org. Lett. 2002, 4, 2861. (d) Brown, H. C.; Kim, K. W.; Cole, T. E.; Singaram, B. J. Am. Chem. Soc. 1986, 
108, 6761. 
5
 (a) Sadhu, K. M.; Matteson, D. S. Organometallics 1985, 4, 1687. (b) Chen, A. C.; Ren, Li.; Crudden, C. 
M. Chem. Commun. 1999, 611. (c) Chen, A. C.; Ren, Li.; Crudden, C. M. J. Org. Chem. 1999, 64, 9704. 
For asymmetric homologation by Matteson, see: (d) Matteson, D. S. J. Org. Chem. 2013, 78, 10009. (e) 
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stereospecific Suzuki-Miyaura cross coupling reactions through either a stereoinvertive
7
 
or retentive
7c,8
 transmetallation.  
 
Scheme 1.2 Reactivity of Boron-Ate Complex through Stereoretentive 1,2-Migration 
 
 
In 1993, Suzuki and Miyaura reported the first diboration of unsaturated 
hydrocarbons by Pt-catalyzed addition of B2(pin)2 across terminal or internal alkynes.
9
 
Subsequent studies by Smith and Marder revealed that the Pt-catalyzed diboration occurs 
by the oxidative addition of diboron reagent to the metal, followed by olefin insertion and 
reductive elimination.
10
 Further studies of these reactions led to the development of 
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alkene
11
 and diene diboration
11c, 12
 which potentially allow the construction of 
enantioenriched organoboronic esters.  
The Morken group has worked extensively in the area of enantioselective 
diboration of unsaturated hydrocarbons including the Rh-catalyzed alkene diboration 
(Scheme 1.3, eq. 1),
13
 the Pd-catalyzed allene diboration (eq. 2),
14
 and the Pt-catalyzed 
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 Pt-catalyzed nonasymmetric diboration: (a) Baker, R. T.; Nguyen, P.; Marder, T. B.; Westcott, S. A. 
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D.; Taylor, N. J.; Burke, J. M.; Howard, J. A. K.; Marder, T. B. J. Organomet. Chem. 2002, 652, 77. (i) 
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Eur. J. 2007, 13, 2614. (m) Ramírez, J.; Mercedes, S.; Fernández, E. Angew. Chem. Int. Ed. 2008, 47, 5194. 
(n) Toribatake, K.; Nishiyama, H. Angew. Chem. Int. Ed. 2013, 52, 11011. Metal-free diboration: (o) Bonet, 
A.; Pubill-Ulldemolins, C.; Bo, C.; Gulyás, H.; Fernández, E. Angew. Chem. Int. Ed. 2011, 50, 7158. 
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alkene diboration (eq. 3).
15
 The enantioselective 1,4-diboration of 1,3-dienes has also 
been accomplished
16
 with a Pt(0) catalyst in the presence of a readily available 
TADDOL-derived phosphonite ligand
17
 (eq. 4). Upon oxidation, the overall reaction 
delivers a 2-alkene-1,4-diol motif. The overall reaction doesn’t have an effective 
complement in catalytic enantioselective methodology. However, studies revealed that 
when 2-substituted cyclic 1,3-dienes were utilized as the substrate, the enantioselection 
was highly dependent on the substituent at the 2-position, and it was sometimes severely 
diminished. Thus, a modified ligand was developed for this type of substrate and the 
details will be discussed in this chapter (eq. 5).  
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Scheme 1.3 Catalytic Enantioselective Diboration of Unsaturated Hydrocarbons 
 
 
8 
 
1.2 Background 
Compared with other unsaturated hydrocarbons, the transition metal-catalyzed 
dimetallation of 1,3-dienes has attracted relatively less attention. The first example of 
Ni-catalyzed 1,4-dimetallation of 1,3-dienes was disclosed by Kumada and co-workers in 
1972.
18
 In the presence of NiCl2(PEt3)2, sym-tetramethyldisilane 1.7 reacted with a 
variety of 1,3-dienes to furnish 1,4-disilylated alkene 1.8 along with byproducts 1.9 from 
the hydrosilylation (Scheme 1.4). Later, Pd- and Pt-catalyzed 1,4-disilylation of 
1,3-dienes were also reported by Kumada
19
 and Tsuji,
20
 respectively. Although 
1,4-disilation reaction doesn’t have significant synthetic application yet, the work by 
Kumada and Tsuji has laid an important foundation for later development of silylboration 
and diboration reactions of 1,3-dienes. 
 
Scheme 1.4 Ni-Catalyzed 1,4-Disilylation of 1,3-Dienes 
 
 
 
                                                 
 
18
 Okinoshima, H.; Yamamoto, K.; Kumada, M. J. Am. Chem. Soc. 1972, 94, 9263. 
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20
 Tsuji, Y.; Lago, R. M.; Tomohiro, S.; Tsuneishi, H. Organometallics 1992, 11, 2353. 
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In 1998, Suginome and Ito described the first 1,4-silaboration of 1,3-dienes with 
Pt(CH2=CH2)(PPh3)2 as the catalyst.
21
 As depicted in Scheme 1.5, diene 1.10 was 
converted to the 1,4-addition product 1.11 in good yield but with poor stereoselectivity 
(eq. 1). In contrast, the Ni-catalyst was well-suited for the highly Z-selective 
1,4-silaboration (eq. 2).
22
 However, the reaction suffered from a low level of 
regioselectivity when unsymmetrical substrate 1.12 was employed (eq. 3). 
1,3-Cyclohexadiene 1.13 was also investigated and it was found that with additional 
phosphine ligand PCyPh2, a remarkable yield and diastereoselectivity was achieved (eq. 
4).  
In an attempt to render the 1,4-silaboration of 1,3-dienes enantioselective, Moberg 
and co-workers investigated a series of BINOL-derived phosphoramidite ligands used in 
conjunction with a platinum catalyst. Under the optimal conditions, they were able to 
convert 1.13 into the enantioenriched product 1.14, albeit with only moderate conversion 
and enantioselectivity (Scheme 1.6).
23
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Scheme 1.5 Pt- and Ni-Catalyzed 1,4-Silaboration of 1,3-Dienes 
 
 
Scheme 1.6 Pt-Catalyzed Enantioselective 1,4-Silaboration of 1,3-Diene 
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In the late 1990s, Miyaura and co-workers disclosed the first example of 
transition metal-catalyzed 1,4-diboration of 1,3-dienes.
12a,11c 
With 3 mol% of Pt(PPh3)4, 
the diboration reaction proceeded smoothly to convert diene 1.15 into 
(Z)-bis(allyl)boronate 1.16 in high yield with an isomeric purity of over 99% (Scheme 
1.7). Intriguingly, when Pt(dba)2 was employed in place of Pt(PPh3)4, 1,2-diboration of 
the terminal olefin was predominant to generate compound 1.17 as the sole product. 
 
Scheme 1.7 Pt-Catalyzed 1,4- and 1.2- Diboration of 1,3-Dienes 
 
 
The mechanism of the Pt-catalyzed 1,4-diboration of 1,3-dienes proposed by 
Miyaura is illustrated in Scheme 1.8. Like related dimetallation reactions such as 
silylstannation,
24
 the catalytic cycle is initiated by oxidative addition of the diboron 
reagent to Pt(PPh3)4, generating bis(boryl)platinum(II) complex 1.18. Subsequent 
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 Tsuji, Y.; Obora, Y. J. Am. Chem. Soc. 1991, 113, 9368. 
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coordination and migratory insertion of the 1,4-diene to the Pt(II) species provides the 
-allyl(boryl)platinum(II) intermediate 1.19, which undergoes reductive elimination to 
furnish the desired (Z)-1,4-bis(boronate). 
 
Scheme 1.8 Proposed Mechanism for Pt-Catalyzed 1,4-Diboration of 1,2-Dienes 
 
 
Based on the proposed mechanism, it is anticipated that the enantioselective 
1,4-diboration of 1,3-dienes could possibly be realized with an appropriate chiral 
phosphine ligand. However, it was not accomplished until 2009 by the Morken group.
16a
 
Alternatively, Marder and Norman first developed a diastereoselective 1,4-diboration 
through the use of a tartrate-derived chiral bis(boronate) reagent 1.20.
12b 
Despite good 
13 
 
yield, the highest diastereomeric ratio for product 1.21 was only 60:40 even after 
investigation of a series of chiral diboron reagents (Scheme 1.9).  
 
Scheme 1.9 Diastereoselective 1,4-Diboration of 1,3-Dienes with Chiral Diboron  
 
 
In 2003, another example of 1,4-diboration reaction utilizing chiral diboron 
reagents was reported by the Morken group (Scheme 1.10).
12c
 In the presence of Pt(dba)2 
and PCy3, the diboration reaction proceeded smoothly under mild conditions to generate 
the desired 1,4-bis(boronate) 1.23 in 95% conversion. Instead of direct isolation, 1.23 
was treated with an aldehyde, such that diastereoselective allylboration occurred. After 
oxidative workup, this afforded the enantioenriched 1,3-diol 1.24 with good yield and 
moderate enantioselectivity. 
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Scheme 1.10 Pt-Catalyzed Diene Diboration/Diastereoselective Allylboration 
 
 
In 2004, the Morken group published the first catalytic enantioselective diboration 
of allenes. This reaction was catalyzed by a palladium catalyst and a TADDOL-derived 
phosphoramidite ligand (see Scheme 1.3, eq. 2).
14
 Mechanistic studies suggested roughly 
the same catalytic cycle as that proposed by Miyaura in Scheme 1.8. DFT calculations 
also revealed the intermediacy of an unusual 3-allyl palladium complex 1.25, 
presumably due to the -bonding of the adjacent alkene with the metal in the transition 
state for migratory insertion (1.25, Scheme 1.11, eq. 1). It is reasoned that an analogous 
olefin insertion involving 1,3-dienes may benefit from a similar -bonding interaction 
from the adjacent olefin (1.27→1.28, eq. 2), thus allowing the catalytic diboration of 
1,3-dienes to occur with high levels of regio- and enantioselectivity. Indeed, this goal was 
achieved in 2009 with a modified phosphonite ligand and Pt(dba)3 in place of Pd2(dba)3 
(see Scheme 1.3, eq. 4).
16a 
It is noteworthy that no 1,4-diboration was observed with 
cis-piperylene, indicating that only 1,3-dienes capable of adopting an S-cis conformation 
15 
 
will participate in the reaction. Upon oxidative workup, the Pt-catalyzed 1,4-diboration 
converts readily available 1,3-dienes into enantiomerically enriched 2-alkene-1,4-diol 
motif. With respect to efficiency and selectivity, this reaction is superior to 
complementary methods, such as the [4+2] cycloaddition of 1,3-dienes with singlet 
oxygen
25
 and the Pd-catalyzed 1,4-diacetoxylation.
26
 
 
Scheme 1.11 Proposed Mechanism for Catalytic Enantioselective Diboration of Allenes 
and 1,3-Dienes 
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Despite a generally effective ligand, phosphonite 1.6 was found less successful for 
certain 1,3-diene substrates. This issue was later addressed by the Morken group through 
the use of a novel and readily accessible 1,3-oxaphospholane ligand 1.29.
16b
 As shown in 
Scheme 1.12, in the presence of 0.02 mol% platinum catalyst and 0.04 mol% ligand 1.29, 
trans-deca-1,3-diene 1.30 was converted to 1,4-diol 1.31 with excellent yield and 
improved enantioselectivity. 
 
Scheme 1.12 Pt-Catalyzed Enantioselective 1,4-Diboration of 1,3-Dienes with 
1,3-Oxaphospholane Ligand 
 
 
Meanwhile, the Morken group reported the first example of the Pt-catalyzed 
diastereoselective 1,4-diboration of cyclic 1,3-dienes. As shown in Scheme 1.13, the 
reaction occurred with excellent yield and high level of selectivity controlled by the 
stereocenter at the 4-position of the diene. The resulting 1,4-diol 1.32, otherwise difficult 
to synthesize, was then utilized in the total synthesis of trans-dihydrolycoricidine 1.33. 
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Scheme 1.13 Pt-Catalyzed Diastereoselective 1,4-Diboration of Cyclic 1,3-Dienes 
 
 
Last, it is noteworthy that a highly effective Ni-catalyzed 1,4-diboration of 
1,3-dienes has also been accomplished by the Morken group (Scheme 1.14).
12d 
However, 
up to date all attempts to render this reaction enantioselective were not successful. 
 
Scheme 1.14 Ni-Catalyzed 1,4-Diboration of 1,3-Dienes 
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1.3 Development of Catalytic Enantioselective 1,4-Diboration of 
1,3-Cyclic Dienes27 
Before I joined the project, fellow graduate students Heather Burks and Laura 
Kliman established the Pt-catalyzed enantioselective 1,4-diboration of 1,3-dienes with 
TADDOL-derived phosphonite 1.6 as the optimal ligand (see Scheme 1.3, eq. 4). In their 
studies, a prochiral cyclic 1,3-diene 1.34 with an n-butyl group at the 2-position was 
demonstrated as a suitable substrate, undergoing 1,4-diboratioin exclusively to afford 
chiral cyclic 1,4-diol 1.35 with high enantioselectivity (Scheme 1.15). To have a better 
understanding of the scope of the reaction with this type of substrate, cyclic 1,3-diene 
1.36 bearing a more encumbered cyclohexyl group, was prepared and subjected to the 
standard reaction conditions. To our surprise, despite excellent yield, the enantiomeric 
ratio of 1.37 diminished severely to only 75:25. Similar observation for aryl-substituted 
cyclic diene 1.38 further suggested that ligand 1.6 was not generally effective for the 
enantioselective diboration of cyclic 1,3-dienes. In order to establish a more effective 
solution, a systematic survey of other modified TADDOL-derived phosphonite ligands 
was undertaken. Considering that diene 1.34 and 1.36 gave dramatically different 
response to the same ligand in terms of enantioselectivity, a parallel test of both 
substrates was performed with a range of ligands (Table 1.1).  
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 Hong, K.; Morken, J. P. J. Org. Chem. 2011, 76, 9102. 
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Scheme 1.15 Preliminary Results of Pt-Catalyzed Diboration of Cyclic 1,3-Dienes 
 
 
Based on the previous experimental data, the substituents at the meta positions of 
the aryl rings on the TADDOL backbone have the most influence on the 
enantioselectivity. Thus, the meta methyl groups on the backbone were replaced with 
either smaller (H, F) or larger substituents (Et, t-Bu), as well as electron-donating (OMe) 
or withdrawing (CF3) groups (Table 1.1, entries 1-14). Indeed, dramatic but inferior 
changes in enantioselection were observed, especially for the more hindered diene 1.36. 
It was not until we examined ligand with an aryl substituent that the enantioselectivity 
was boosted to synthetically useful level (entries 15 and 16). Further tuning of the 
dioxolane motif of the ligand showed that the more encumbered protecting groups (ethyl 
vs methyl) provided a subtle improvement (entries 17 and 18).  
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Table 1.1 Evaluation of TADDOL-Derived Phosphonite Ligands in the Pt-Catalyzed 
Enantioselective Diboration
a
 
 
entry diene ligand R
1
 R
2
 yield (%)
b
 er
c
 
1 1.34 (R,R)-1.40 H Me 31 55:45 
2 1.36 (R,R)-1.40 H Me 69 55:45 
3 1.34 (R,R)-1.41 F Me 71 53:47 
4 1.36 (R,R)-1.41 F Me 86 52:48 
5 1.34 (R,R)-1.6 Me Me 87 94:6 
6 1.36 (R,R)-1.6 Me Me 89 75:25 
7 1.34 (R,R)-1.42 Et Me 89 82:18 
8 1.36 (R,R)-1.42 Et Me 79 56:44 
9 1.34 (R,R)-1.43 t-Bu Me 60 61:39 
10 1.36 (R,R)-1.43 t-Bu Me 19 52:48 
11 1.34 (R,R)-1.44 OMe Me 92 85:15 
12 1.36 (R,R)-1.44 OMe Me 40 52:48 
13 1.34 (R,R)-1.45 CF3 Me 95 86:14 
14 1.36 (R,R)-1.45 CF3 Me 86 71:29 
15 1.34 (R,R)-1.46 Ph Me 92 94:6 
16 1.36 (R,R)-1.46 Ph Me 87 95:5 
17 1.34 (R,R)-1.47 Ph Et 97 96:4 
18 1.36 (R,R)-1.47 Ph Et 87 96:4 
a
 Reaction conditions: 1.05 equiv. of B2(pin)2, precomplexation for 1 h at rt, reaction time = 12 h, oxidation 
at rt for 4 h. 
b
 Yield of purified material. 
c
 Enantiomer ratio was determined by GC analysis on a chiral 
stationary phase.  
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With a more generally effective ligand 1.47 in hand, the substrate scope of the 
catalytic enantioselective diboration was investigated (Table 1.2). Under the standard 
conditions, many substrates underwent regio- and enantioselective 1,4-diboration with 
high efficiency, accommodating linear, branched alkyl and aromatic substituents, as well 
as protected alcohol and aldehyde groups. For phenyl-substituted diene, the enantiomeric 
ratio of 1.39 was enhanced from 85:15 to 93:7 when the diboration was executed at 
ambient temperature and employing a 20 minute catalyst incubation period at 60 °C. In 
contrast, the substrate with a more encumbered 1-naphthyl group reacted sluggishly and 
required a higher catalyst loading to achieve 1.52 in good yield. While the diboration of 
7-memebered cyclic diene remained selective, the yield of 1.55 severely diminished even 
with 10 mol% of Pt(dba)3.  
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Table 1.2 Catalytic Enantioselective Diboration of Cyclic Dienes
a
 
 
a
 Reaction conditions: 1.05 equiv. of B2(pin)2, precomplexation for 1 h at rt, reaction time = 12 h, oxidation 
at rt for 4 h. 
b
 Yield of purified material. Value is an average of two experiments. 
c
 Enantiomer ratio was 
determined by GC or HPLC analysis on a chiral stationary phase. 
d
 Reaction at 60 °C for 20 min, then 
ambient temperature for 48 h. 
e
 Reaction employed 6 mol% of Pt(dba)3, 12 mol% of ligand (R,R)-1.47 for 
24 h. 
f
 Reaction with 10 mol% of Pt(dba)3, 20 mol% of ligand (R,R)-1.47 for 48 h. 
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It is noteworthy that after the publication of this work, it was proved that the 
ligand/platinum ratio could be lowered to 1.2:1 without reducing the yield and selectivity 
of the reaction.
15b
 As a matter of fact, the diboration of diene 1.34 and 1.36 could be 
conducted at ambient temperature with the same yield and enantioselectivity. To achieve 
this outcome, a 20 minute treatment of Pt(dba)3 with the ligand and B2(pin)2 at 80 °C 
prior to the addition of the diene is essential to remove the non-innocent dba through 
diboration, enhancing the coordination between the ligand and the metal (Scheme 
1.16).
15b
 Without heating, incomplete coordination was observed with 1.2:1 
ligand/platinum ratio even after vigorous stirring for one hour, leading to diminished 
selectivity. More interestingly, when the treatment was performed with 2:1 
ligand/platinum ratio, the diboration at ambient temperature was more sluggish than that 
with 1.2:1 ratio, suggesting that excess ligand would slow down the reaction at lower 
temperature. 
 
Scheme 1.16 Removal of dba through Diboration 
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1.4 Product Utility in Catalytic Enantioselective 1,4-Diboration of 
1,3-Dienes 
As alluded to above, one notable feature of the diboration products is that the 
organoboronate groups could serve as a functional handle for further elaboration of the 
products. The direct oxidation performed earlier not only facilitated purification of the 
products, but also delivered synthetically versatile (Z)-1,4-bis(allylic) alcohols. Matteson 
homologation
5a
 is another powerful method to transform organoboronates by inserting a 
methylene group into the existing C-B bond. This transformation has been applied to the 
in situ generated 1,2-bis(boronates) from Pt-catalyzed alkene diboration,
15a
 but not 
2-alkene-1,4-bis(boronates) from the diene diboration. To investigate the utility of 
1,4-diboration products, diene 1.57 was subjected to the standard diboration conditions to 
furnish 1,4-bis(boronate) 1.58 with excellent conversion. After removal of the volatiles in 
vacuo, the reaction mixture was dissolved in THF and cooled to 78 °C, followed by the 
treatment of 2.2 equiv. of chloromethyllithium. Upon oxidation, 1,6-diol 1.59 was 
afforded in excellent yield and enantioselectivity (Scheme 1.17).  
Scheme 1.17 Matteson Homologation of 2-Alkene-1,4-Bis(boronates) 
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Another important application of allyl boronates is their addition to carbonyls, 
which is one of the most well developed and powerful reactions in organic synthesis.
28
 It 
was anticipated that the 2-alkene-1,4-bis(boronates) from the Pt-catalyzed 1,4-diboration 
of cyclic dienes might engage in allylboration in a regio- and diastereoselective manner. 
Indeed, the one-pot diboration/allylation/oxidation sequence of diene 1.36 with 
isovaleraldehyde furnished the enantioenriched 1,3-diol 1.60 as a single diastereomer in 
93% yield (Scheme 1.18). The high level of diastereoselection of the allylboration 
reaction stems from a closed Zimmerman-Traxler transition state.
29
 It is noteworthy that 
the allylboration was exceedingly sluggish, requiring high temperature and extended 
reaction time. This is presumably due to the rigid cyclic structure of the diboron reagent 
which results in a distorted chairlike transition state.  
 
 
 
 
 
 
                                                 
 
28
 For reviews of allylboration reactions, see: (a) Hall, D. G. Pure Appl. Chem. 2008, 80, 913. (b) Lachance, 
H.; Hall, D. G. Org. React. 2008, 73, 1. 
29
 Zimmerman, H. E.; Traxler, M. D. J. Am. Chem. Soc. 1957, 79, 1920. 
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Scheme 1.18 Tandem Diboration/Allylboration Reaction 
 
 
1.5 Conclusions 
In summary, the development of the Pt-catalyzed 1,4-diboration of cyclic 
1,3-dienes was described. Excellent yield and high level of enantioselectivity were 
obtained through the use of a modified TADDOL-derived phosphonite ligand. While the 
direct oxidation of the diboration products delivered the synthetically useful 
(Z)-1,4-bis(allylic) alcohols, Matteson homologation and the allylboration reaction 
further elaborated the 1,4-bis(boronates) to provide novel routes to enantioenriched 1,6- 
and 1,3-diols, respectively. 
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1.6 Experimental Section 
1.6.1 General Information 
Chemical shifts for 
1
H NMR spectra are reported in ppm with the solvent 
resonance as the internal standard (CDCl3: 7.26 ppm). Data are reported as follows: 
chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, br 
= broad, m = multiplet), and coupling constants (Hz). 
13
C NMR spectra were recorded 
with complete proton decoupling. Chemical shifts are reported in ppm with the solvent 
resonance as the internal standard (CDCl3: 77.23 ppm). Frequencies of infrared (IR) 
spectra are reported in wavenumbers (cm
-1
) as follows: strong (s), broad (br), medium 
(m), and weak (w).  
Liquid chromatography was performed using forced flow (flash chromatography) 
on silica gel (SiO2, 230 x 450 Mesh). Thin layer chromatography was performed on 25 
μm silica gel glass backed plates. Visualization was performed using ultraviolet light (254 
nm), phosphomolybdic acid (PMA), and potassium permanganate (KMnO4). 
Analytical chiral gas-liquid chromatography (GLC) was performed on a 
chromatograph equipped with a split mode capillary injection system, a flame ionization 
detector, and a Supleco β-Dex 120 column with helium as the carrier gas. Analytical 
chiral high-performance liquid chromatography (HPLC) was performed on a 
chromatograph equipped with gradient pump and variable wavelength detector.  
28 
 
All reactions were conducted in oven- or flame-dried glassware under an inert 
atmosphere of nitrogen or argon. Tetrahydrofuran (THF), diethyl ether, dichloromethane 
and toluene were purified using solvent purification system, by passing the solvent 
through two activated alumina columns after being purged with argon. Triethylamine and 
isovaleraldehyde were distilled from calcium hydride. Bis(pinacolato)diboron was 
obtained from Allychem Co., Ltd. and recrystallized from pentane prior to use.  
1.6.2 Preparation of Pt(dba)3 
Tris(dibenzylideneacetone)platinum was prepared using the literature procedure
30
 
with slight modification. To a 3-neck 500 mL round-bottomed flask equipped with a 
magnetic stir bar and reflux condenser was added dibenzylideneacetone (3.46 g, 14.8 
mmol), tetrabutylammonium chloride (1.76 g, 6.3 mmol), and sodium acetate (3.12 g, 
38.0 mmol). The salts were dissolved in methanol and the solution was heated to 70 °C 
and allowed to stir for 5 min. To a 50 mL pear-shaped flask was added potassium 
tetrachloroplatinate (0.875 g, 2.11 mmol). The potassium salt was dissolved in water (7.0 
mL) with mild heating. The 3-neck round-bottom flask was charged with the potassium 
tetrachloroplatinate solution and the reaction was allowed to stir at 70 °C for 3 h. After 3 
h, the reaction was cooled to ambient temperature, transferred to a 500 mL 
round-bottomed flask and concentrated under reduced pressure to half the volume. The 
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 Lewis, L. N.; Krafft, T. A.; Huffman, J. C. Inorg. Chem. 1992, 31, 3555. 
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reaction mixture was filtered on a Büchner funnel; solids were washed with copious 
amounts of water and methanol until no yellow dibenzylideneacetone crystals were 
visible. The platinum catalyst was placed under high vacuum for 24 h to remove residual 
methanol and water, and tris(dibenzylideneacetone)platinum was obtained as a brown 
solid (875 mg, 46% yield). Spectroscopic characterization of the platinum catalyst was in 
accord with the literature. 
1.6.3 Ligand Synthesis 
Representative Procedure for Preparation of m-terphenylTADDOL. 
m-terphenylTADDOL was prepared according to the literature procedure
31
 with 
slight modification. To a flame dried 25 mL 2-neck round-bottom flask equipped with a 
magnetic stir bar and reflux condenser was added freshly crushed magnesium turnings 
(90 mg, 3.72 mmol) under N2. The apparatus was flame-dried twice, a single crystal of I2 
was added and the reaction mixture was diluted with THF (10 mL). To another 
flame-dried 5 mL pearshaped flask was added 1-bromo-3,5-diphenylbenzene
32
 (1.26 g, 
4.09 mmol) and THF (3 mL). The solution of 1-bromo-3,5-diphenylbenzene in THF was 
slowly added to the magnesium mixture at room temperature via syringe. The reaction 
was allowed to reflux at 80 °C in an oil bath for 2 h, at which time the reaction was 
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 Sieber, J. D.; Morken, J. P. J. Am. Chem. Soc. 2008, 130, 4978. 
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cooled to 0 °C, and a solution of dimethyl (4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5- 
dicarboxylate (162 mg, 0.743 mmol) in tetrahydrofuran (2 mL) was added slowly via 
syringe. The reaction was allowed to reflux for 12 h, after which it was cooled to 0 °C 
and quenched with NH4Cl (10 mL, sat. aq.). The organic and aqueous layers were 
separated and the aqueous layer was extracted with ethyl acetate (3 x 20 mL). The 
combined organics were dried over Na2SO4, filtered, and concentrated in vacuo. The 
crude material was purified by silica gel chromatography (hexanes:ethyl acetate = 10:1 to 
5:1) to afford the title compound as a white solid (495 mg, 62% yield). 
 
((4R,5R)-2,2-dimethyl-1,3-dioxolane-4,5-diyl)bis(di([1,1':3'
,1''-terphenyl]-5'-yl)methanol) (1.61) . 
1
H NMR (500 MHz, 
CDCl3): δ 1.14 (6H, s), 5.11 (2H, s), 7.32-7.40 (16H, m), 
7.41-7.44 (8H, m), 7.52-7.54 (8H, m), 7.68-7.70 (10H, m), 
7.76 (4H, d, J = 1.7 Hz), 7.83 (2H, t, J = 1.7 Hz), 7.97 (4H, d, 
J = 1.7 Hz); 
13
C NMR (100 MHz, CDCl3): δ 146.9, 143.9, 141.8, 141.4, 141.3, 141.1, 
129.01, 128.96, 127.59, 127.57, 127.5, 126.6, 125.9, 125.7, 125.6, 110.3, 81.9, 78.8, 27.6; 
IR (neat): 3324.0 (br), 3034.5 (w), 1595.2 (m), 1497.5 (w), 1427.2 (w), 1239.8 (w), 
1165.5 (w), 1049.1 (w), 879.7 (m), 759.2 (s), 742.1 (s), 696.3 (s), 614.2 (w) cm
-1
; 
HRMS-(ESI+) for C79H62O4Na [M+Na]: calculated: 1097.4546, found: 1097.4557; [α]D
20
: 
+37.80 (c = 0.84, CHCl3, l = 50 mm). 
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((4R,5R)-2,2-diethyl-1,3-dioxolane-4,5-diyl)bis(di([1,1':3',
1''-terphenyl]-5'-yl)methanol) (1.62). The diol was prepared 
according to the general procedure with 1-bromo-3,5- 
diphenyl-benzene (7.00 g, 22.6 mmol), magnesium turnings 
(500 mg, 20.6 mmol) and dimethyl (4R,5R)-2,2-diethyl-1,3- 
dioxolane-4,5-dicarboxylate (1.01 g, 4.11 mmol) in THF (41 mL). The crude material 
was purified by silica gel chromatography (hexanes:ethyl acetate = 10:1 to 8:1) to afford 
the title compound as a white solid (3.75 g, 62% yield). 
1
H NMR (500 MHz, CDCl3): δ 
0.63 (6H, t, J = 7.4 Hz), 1.35-1.43 (4H, m), 4.60 (2H, br), 4.88 (2H, s), 7.29-7.33 (8H, m), 
7.35-7.39 (16H, m), 7.51-7.53 (8H, m), 7.62-7.64 (8H, m), 7.68-7.69 (2H, m), 7.77-7.78 
(6H, m), 7.91 (4H, d, J = 1.7 Hz); 
13
C NMR (125 MHz, CDCl3): δ 147.2, 143.8, 141.8, 
141.4, 141.3, 141.0, 128.93, 128.92, 127.53, 127.51, 127.48, 127.47, 126.6, 125.8, 125.7, 
125.6, 113.1, 81.4, 79.0, 30.1, 8.4; IR (neat): 3203.1 (br), 3035.4 (w), 2970.8 (w), 1595.5 
(m), 1497.8 (w), 1426.7 (w), 1174.6 (w), 1031.1 (w), 897.7 (w), 759.2 (s), 740.8 (s), 
727.5 (m), 696.5 (s), 614.1 (w) cm
-1
; HRMS-(MALDI+) for C81H66O4Na [M+Na]: 
calculated: 1125.4853, found: 1125.4852; [α]D
20
: 22.80 (c = 1.01, CHCl3, l = 50 mm). 
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Representative Procedure for Preparation of m-terphenylTADDOL-PPh. 
To a flame-dried 25 mL round-bottom flask equipped with a magnetic star bar 
was added m-terphenylTADDOL (495 mg, 0.46 mmol) and THF (4.6 mL, 0.1 M) under 
N2. Triethylamine (0.22 mL, 1.57 mmol) was added via syringe and the reaction mixture 
was brought to 0 °C in an ice bath. Dichlorophenylphosphine (68 L, 0.51 mmol) was 
added dropwise via syringe at 0 °C and the reaction was brought to room temperature and 
allowed to stir for 2 h. The reaction was diluted with Et2O, filtered through celite and 
concentrated in vacuo. The crude material was purified by silica gel chromatography 
(hexanes: ethyl acetate = 10:1 to 8:1) to afford the title compound as a white solid (384 
mg, 70% yield). 
 
(3aR,8aR)-4,4,8,8-tetra([1,1':3',1''-terphenyl]-5'-yl)-2,2-di
methyl-6-phenyltetrahydro-[1,3]dioxolo[4,5-e][1,3,2]dioxa
phosphepine ((R,R)-1.46). 
1
H NMR (500 MHz, CDCl3): δ 
0.34 (3H, s), 1.59 (3H, s), 5.15 (1H, d, J = 8.6 Hz), 6.24 (1H, 
dd, J = 8.6 Hz, 4.6 Hz), 7.30-7.31 (6H, m), 7.34-7.47 (18H, 
m), 7.54-7.61 (15H, m), 7.67-7.70 (5H, m), 7.72-7.74 (2H, m), 7.81-7.85 (5H, m), 8.00 
(4H, s), 8.24 (2H, m); 
13
C NMR (100 MHz, CDCl3): δ 147.9, 147.0, 146.9, 143.23, 
143.22, 142.33, 142.31, 141.88, 141.82, 141.6, 141.5, 141.41, 141.40, 141.33, 141.31, 
141.2, 140.9, 131.3, 130.3, 130.0, 129.1, 129.03, 128.97, 128.90, 128.83, 127.7, 127.63, 
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127.59, 127.54, 127.51, 127.4, 126.8, 126.2, 126.1, 125.8, 125.7, 125.6, 112.2, 84.63, 
84.59, 84.0, 83.9, 83.3, 83.1, 82.90, 82.85, 28.3, 25.1; 
31
P NMR (162MHz, CDCl3): δ 
156.7; IR (neat): 3034.2 (w), 1594.8 (m), 1497.2 (w), 1427.2 (w), 1160.3 (w), 1031.8 (m), 
996.8 (m), 758.4 (s), 735.4 (s), 695.1 (s), 613.8 (w) cm
-1
; HRMS-(ESI+) for 
C85H65O4NaP [M+Na]: calculated: 1203.4518, found: 1203.4495; [α]D
20
: 103.26 (c = 
1.12, CHCl3, l = 50 mm). 
 
(3aR,8aR)-4,4,8,8-tetra([1,1':3',1''-terphenyl]-5'-yl)-2,2-di
ethyl-6-phenyltetrahydro-[1,3]dioxolo[4,5-e][1,3,2]dioxap
hosphepine ((R,R)-1.47). The phosphonite was prepared 
according to the general procedure with triethylamine (0.284 
mL, 2.03 mmol), dichlorophenylphosphine (87 l, 0.64 mmol) 
and diol (641 mg, 0.581 mmol) in THF (14.5 mL, 0.04 M). The crude material was 
purified by silica gel chromatography (hexanes: ethyl acetate = 10:1 to 8:1) to afford the 
title compound as a white solid (494 mg, 70% yield). 
1
H NMR (400 MHz, CDCl3): δ 0.28 
(3H, t, J = 7.4 Hz), 0.72 (2H, q, J = 7.5 Hz), 0.82 (3H, t, J = 7.5 Hz), 1.71 (2H, q, J = 7.4 
Hz), 5.26 (1H, d, J = 8.7 Hz), 6.02 (1H, dd, J = 8.7 Hz, 3.9 Hz), 7.28-7.43 (23H, m), 
7.44-7.54 (8H, m), 7.58-7.63 (12H, m), 7.68-7.80 (6H, m), 7.89 (2H, d, J = 1.6 Hz), 
7.93-7.98 (2H, m), 8.01 (2H, d, J = 1.6 Hz), 8.15 (2H, d, J = 1.6 Hz); 
13
C NMR (100 
MHz, CDCl3): δ 147.8, 147.22, 147.19, 143.32, 143.30, 142.59, 142.57, 141.9, 141.6, 
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141.5, 141.49, 141.47, 141.4, 141.3, 141.2, 140.9, 131.3, 130.3, 130.0, 129.05, 129.04, 
129.01, 128.95, 128.8, 128.7, 127.6, 127.56, 127.54, 127.50, 127.4, 127.01, 126.97, 
126.05, 125.96, 125.7, 125.6, 125.4, 116.1, 84.3, 84.2, 83.79, 83.77, 83.4, 83.3, 82.6, 82.4, 
30.2, 27.9, 8.7, 8.6; 
31
P NMR (162MHz, CDCl3): δ 157.6; IR (neat): 3034.2 (w), 2970.8 
(w), 1594.3 (w), 1426.6 (w), 1263.9 (w), 1170.4 (w), 1031.4 (w), 930.6 (m), 758.3 (m), 
733.0 (s), 693.4 (s), 613.1 (m), 489.8 (w) cm
-1
; HRMS-(ESI+) for C87H69O4NaP [M+Na]: 
calculated: 1231.4831, found: 1231.4832; [α]D
20
: 87.30 (c = 0.51, CHCl3, l = 50 mm). 
 
1.6.4 Preparation of 2-Substituted Cyclic 1,3-Diene Substrates 
((2-(cyclohexa-1,5-dien-1-yl)ethoxy)methyl)benzene was prepared by enyne 
metathesis according to the literature procedure.
33
 Spectral data are in accord with the 
literature. The other dienes were prepared by Kumada coupling according to the literature 
procedure
34
 with slight modification. Spectral data of 2-butylcyclohexa-1,3-diene 1.34 
and 3,4-dihydro-1,1'-biphenyl 1.38 are in accord with the literature. 
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Representative Procedure for Preparation of 2-substituted cyclic dienes using Kumada 
Coupling 
 
To a flame-dried 50 mL 2-neck round bottom flask equipped with a magnetic stir 
bar and reflux condenser was added freshly crushed magnesium turnings (292 mg, 12.0 
mmol) under N2. The apparatus was flame-dried twice, a single crystal of I2 was added 
and the reaction mixture was diluted with diethyl ether (20 mL). Bromocyclohexane 
(1.23 mL, 10.0 mmol) was slowly added to the magnesium mixture at room temperature 
via syringe. The reaction was allowed to reflux at 40 °C in an oil bath for 3 h, at which 
time the reaction was cooled to room temperature.  
NiCl2(dppe) (16 mg, 30 mol) and cyclohexa-1,5-dien-1-yl diphenyl phosphate
4
 
(1.00 g, 3.05 mmol) were mixed in Et2O (10 mL) at 0 °C under a nitrogen atmosphere. 
The Grignard reagent was then added via syringe. The reaction mixture was stirred at 
room temperature until completion according to TLC. The reaction was quenched by 
addition of saturated NH4Cl solution. The organic layer was collected, and the water layer 
was extracted with diethyl ether (2×20 mL). The combined organic layers were washed 
with brine, dried over Na2SO4, filtered, and the volatiles were removed in vacuo. The 
resulting crude products were purified by silica gel chromatography (100% hexanes) to 
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afford a colorless oil (331 mg, 68% yield). A long gravity column was required to 
separate the desired product from 1,1'-bi(cyclohexane), which can only be detected by 
NMR.  
 
[1,1'-bi(cyclohexane)]-1,5-diene (1.36). 
1
H NMR (500 MHz, CDCl3): δ 
1.09-1.19 (3H, m), 1.23-1.32 (2H, m), 1.66-1.77 (5H, m), 1.85 (1H, t, J = 
11.6 Hz), 2.05-2.13 (4H, m), 5.44-5.46 (1H, m), 5.80-5.83 (1H, m), 5.88 
(1H, dd, J = 11.2 Hz, 1.5 Hz); 
13
C NMR (125 MHz, CDCl3): δ 141.3, 126.9, 126.6, 118.1, 
43.7, 32.2, 26.9, 26.6, 22.8, 22.6; IR (neat): 3033.1 (w), 2921.6 (s), 2850.2 (s), 2822.3 
(w), 1447.7 (m), 1425.5 (w), 1165.1 (w), 998.9 (w), 948.2 (w), 891.6 (w), 806.6 (m), 
736.8 (m), 687.7 (w), 592.2 (m), 570.2 (w), 518.7 (w) cm
-1
; HRMS-(ESI+) for C12H19 
[M+H]: calculated: 163.1487, found:163.1488; Rf = 0.78 (100% hexanes, stain in 
KMnO4). 
 
(cyclohexa-1,5-dien-1-ylmethyl)benzene. The Kumada coupling was 
performed according to the general procedure with benzyl bromide (9.3 mL, 
73 mmol), magnesium turnings (2.13 g, 87.6 mmol), cyclohexa-1,5-dien-1-yl diphenyl 
phosphate (6.00 g, 18.3 mmol) and NiCl2(dppe) (97 mg, 0.18 mmol) in diethyl ether (183 
mL). The crude reaction mixture was purified on silica gel (100% hexanes) to afford a 
colorless oil (2.41 g, 77% yield). 
1
H NMR (500 MHz, CDCl3): δ 2.09-2.21 (4H, m), 3.37 
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(2H, s), 5.51-5.54 (1H, m), 5.76-5.84 (2H, m), 7.19-7.22 (3H, m), 7.27-7.31 (2H, m); 
13
C 
NMR (100 MHz, CDCl3):140.2, 135.0, 129.1, 128.5, 127.19, 127.15, 126.2, 122.1, 42.0, 
22.65, 22.58; IR (neat): 3027.6 (w), 2930.4 (w), 2872.8 (w), 2821.6 (w), 1493.7 (w), 
1452.6 (w), 1425.8 (w), 1164.5 (w), 1078.5 (w), 953.9 (m), 787.9 (w), 755.2 (w), 726.8 
(s), 697.0 (s), 668.0 (m), 620.0 (m), 601.4 (m), 530.8 (w), 487.5 (w), 445.7 (w) cm
-1
; 
HRMS-(ESI+) for C13H15 [M+H]: calculated: 171.1174, found: 171.1168. 
 
(2-(cyclohexa-1,5-dien-1-yl)ethyl)benzene. The Kumada coupling was 
performed according to the general procedure with 
(2-bromoethyl)benzene (0.41 mL, 3.0 mmol), magnesium turnings (80 mg, 3.3 mmol), 
cyclohexa-1,5-dien-1-yl diphenyl phosphate (493 mg, 1.5 mmol) and NiCl2(dppe) (39.6 
mg, 75 mol) in diethyl ether (15 mL). The crude reaction mixture was purified on silica 
gel (100% hexanes) to afford a colorless oil (234 mg, 85% yield). 
1
H NMR (400 MHz, 
CDCl3): δ 2.12 (4H, br), 2.34 (2H, t, J = 8.0 Hz), 2.70-2.74 (2H, m), 5.49 (1H, br), 
5.86-5.92 (2H, m), 7.19-7.21 (3H, m), 7.27-7.31 (2H, m); 
13
C NMR (MHz, CDCl3): δ 
142.4, 135.4, 128.7, 128.4, 127.4, 127.1, 125.9, 120.8, 37.8, 35.2, 22.62, 22.57; IR (neat): 
3026.9 (m), 2930.4 (m), 2871.5 (w), 2821.2 (m), 1603.2 (w), 1495.6 (m), 1453.1 (m), 
1437.7 (w), 1425.9 (w), 1164.7 (w), 1030.1 (w), 939.1 (w), 805.2 (m), 745.8 (s), 696.5 (s), 
593.3 (m), 566.4 (m), 544.4 (m), 491.7 (m), 462.2 (w) cm
-1
; HRMS-(ESI+) for C14H17 
[M+H]: calculated: 185.1330, found: 185.1339. 
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(3-(cyclohexa-1,5-dien-1-yl)propyl)benzene (1.57). The Kumada 
coupling was performed according to the general procedure with 
1-bromo-3-phenylpropane (2.78 mL, 18.28 mmol), magnesium turnings (533 mg, 21.94 
mmol), cyclohexa-1,5-dien-1-yl diphenyl phosphate (3.00 g, 9.14 mmol) and NiCl2(dppe) 
(96.5 mg, 0.183 mmol) in diethyl ether (36 mL). The crude reaction mixture was purified 
on silica gel (100% hexanes) to afford a colorless oil, followed by Kügelrohr distillation 
under high vacuum was followed to separate the desired product (1.06 g, 58% yield) from 
1,6-diphenylhexane. 
1
H NMR (400 MHz, CDCl3): δ 1.71-1.79 (2H, m), 2.06-2.13 (6H, 
m), 2.61 (2H, t, J = 7.7 Hz), 5.50 (1H, br), 5.84 (2H, br), 7.16-7.20 (3H, m), 7.26-7.30 
(2H, m); 
13
C NMR (100 MHz, CDCl3): 142.8, 135.7, 128.7, 128.4, 127.4, 127.0, 125.8, 
120.6, 35.6, 35.3, 30.3, 22.7, 22.6; IR (neat): 3026.8 (w), 2930.2 (m), 2856.4 (w), 2821.7 
(w), 1495.5 (w), 1453.1 (w), 1029.7 (w), 941.3 (w), 805.7 (w), 740.8 (s), 696.4 (s), 589.0 
(w), 544.4 (w), 494.2 (w), 467.7 (w) cm
-1
; HRMS-(ESI+) for C15H19 [M+H]: calculated: 
199.1487, found: 199.1496. 
 
2'-methyl-3,4-dihydro-1,1'-biphenyl. The Kumada coupling was 
performed according to the general procedure with 2-bromotoluene (0.36 
mL, 3.0 mmol), magnesium turnings (80 mg, 3.3 mmol), 
cyclohexa-1,5-dien-1-yl diphenyl phosphate (493 mg, 1.5 mmol) and NiCl2(dppe) (39.6 
mg, 75 mol) in diethyl ether (15 mL). The crude reaction mixture was purified on silica 
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gel (100% hexanes) to afford a colorless oil (225 mg, 88% yield). The product contained 
8 mol% 2,2'-dimethyl-1,1'-biphenyl as impurity. 
1
H NMR (500 MHz, CDCl3): δ 
2.20-2.25 (2H, m), 2.29-2.35 (5H, m), 5.71-5.73 (1H, m), 5.89-5.93 (1H, m), 5.96-5.99 
(1H, m), 7.12-7.18 (4H, m); 
13
C NMR (125 MHz, CDCl3): δ 142.2, 137.4, 135.6, 130.3, 
128.8, 128.0, 127.1, 126.2, 125.9, 124.6, 22.8, 22.2, 20.3; IR (neat): 3035.2 (w), 2930.6 
(w), 2822.3 (w), 1484.2 (w), 1453.7 (w), 997.5 (w), 823.7 (w), 756.3 (s), 734.4 (s), 611.0 
(m), 501.2 (w), 453.5 (m) cm
-1
; HRMS-(ESI+) for C13H15 [M+H]: calculated: 171.1174, 
found: 171.1174. 
 
1-(cyclohexa-1,5-dien-1-yl)naphthalene. The Kumada coupling was 
performed according to the general procedure with 1-bromonaphthalene 
(0.42 mL, 3.0 mmol), magnesium turnings (80 mg, 3.3 mmol), 
cyclohexa-1,5-dien-1-yl diphenyl phosphate (493 mg, 1.5 mmol) and NiCl2(dppe) (39.6 
mg, 75 mmol) in diethyl ether (15 mL). The crude reaction mixture was purified on 
silica gel (100% hexanes, Rf = 0.61) to afford a colorless oil (243 mg, 79% yield). 
1
H 
NMR (500 MHz, CDCl3): δ 2.31-2.37 (2H, m), 2.41-2.46 (2H, m), 5.95 (1H, d, J = 4.3 
Hz), 5.98 (1H, dt, J = 9.5 Hz, 4.4 Hz), 6.15 (1H, d, J = 9.5 Hz), 7.34 (1H, d, J = 6.8 Hz), 
7.43-7.49 (3H, m), 7.78 (1H, d, J = 8.3 Hz), 7.84-7.88 (1H, m), 8.02-8.05 (1H, m); 
13
C 
NMR (125 MHz, CDCl3): δ 140.6, 136.5, 134.0, 131.6, 128.6, 128.5, 127.5, 126.3, 126.2, 
125.9, 125.85, 125.81, 125.7, 125.6, 23.0, 22.2; IR (neat): 3035.4 (w), 2931.7 (w), 2819.5 
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(w), 1389.3 (w), 961.5 (w), 797.0 (m), 773.1 (s), 726.1 (m), 646.8 (m), 424.1 (w) cm
-1
; 
HRMS-(ESI+) for C16H15 [M+H]: calculated: 207.1174, found: 207.1172. 
 
2-(2-(cyclohexa-1,5-dien-1-yl)ethyl)-1,3-dioxolane. The Kumada 
coupling was performed according to the general procedure with 
2-(2-Bromoethyl)-1,3-dioxolane (8.22 mL, 70 mmol), magnesium turnings (2.04 mg, 84 
mmol), cyclohexa-1,5-dien-1-yl diphenyl phosphate (2.87 g, 8.75 mmol) and NiCl2(dppe) 
(231 mg, 0.438 mmol) in THF (70 mL). The crude reaction mixture was purified on silica 
gel (hexanes: ethyl acetate = 20:1) to afford a colorless oil, followed by Kügelrohr 
distillation under high vacuum to remove 2-vinyl-1,3-dioxolane and afford the desired 
product as a colorless oil (867 mg, 55% yield). 
1
H NMR (500 MHz, CDCl3): δ 1.74-1.78 
(2H, m), 2.05-2.11 (4H, m), 2.13-2.17 (2H, m), 3.82-3.89 (2H, m), 3.93-4.00 (2H, m), 
4.87 (1H, t, J = 4.5 Hz), 5.50-5.52 (1H, m), 5.81-5.85 (2H, m); 
13
C NMR (125 MHz, 
CDCl3): δ 135.1, 127.2, 127.1, 120.5, 104.4, 65.1, 32.9, 30.1, 22.6, 22.5; IR (neat): 
2929.4 (m), 2874.6 (m), 2822.5 (w), 1403.7 (m), 1131.9 (s), 1032.9 (s), 942.8 (s), 887.1 
(m), 820.7 (w), 736.9(m), 591.7 (m), 551.3 (w) cm
-1
; HRMS-(ESI+) for C11H17O2 [M+H]: 
calculated: 181.1229, found: 181.1220. 
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2-butylcyclohepta-1,3-diene. The Kumada coupling was performed 
according to the general procedure with 1-bromobutane (0.97 mL, 9.0 
mmol), magnesium turnings (241 mg, 9.9 mmol), cyclohepta-1,6- 
dien-1-yl diphenyl phosphate (1.02 mg, 2.97 mmol) and NiCl2(dppe) (49 mg, 93 mol) in 
diethyl ether (30 mL). The crude reaction mixture was purified on silica gel (100% 
hexanes) to afford a colorless oil (325 mg, 73% yield). 
1
H NMR (500 MHz, CDCl3): δ 
0.89 (3H, t, J = 7.3 Hz), 1.26-1.33 (2H, m), 1.35-1.41 (2H, m), 1.81-1.86 (2H, m), 2.01 
(2H, t, J = 7.1 Hz), 2.22 (2H, q, J = 5.6 Hz), 2.28 (2H, dt, J = 5.9 Hz, 5.4 Hz), 5.62 (1H, t, 
J = 5.9 Hz), 5.69 (1H, d, J = 11.7 Hz), 5.83 (1H, dt, J = 11.7 Hz, 5.1 Hz); 
13
C NMR (100 
MHz, CDCl3): δ 137.3, 133.5, 129.2, 128.6, 39.4, 31.88, 31.81, 30.1, 27.9, 22.5, 14.2; IR 
(neat): 2955.3 (m), 2924.5 (s), 2856.9 (m), 1437.1 (m), 1044.8 (w), 851.9 (w), 775.9 (w), 
735.0 (m), 554.6 (m) cm
-1
; HRMS-(ESI+) for C11H19 [M+H]: calculated: 151.1487, found: 
151.1494. 
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1.6.5 Representative Procedure for Diene Diboration/Oxidation 
In the glove box, an oven-dried 20 mL scintillation vial with magnetic stir bar was 
charged with Pt(dba)3 (13.5 mg, 15.0 mol), phosphonite ligand (R,R)-1.47 (36.3 mg, 
30.0 mol), and toluene (5.0 mL, 0.1 M). After stirring for 1 h, B2(pin)2 (133.3 mg, 0.525 
mmol) was added to the mixture followed by [1,1'-bi(cyclohexane)]-1,5-diene 1.36 (81.1 
mg, 0.50 mmol). The vial was sealed with a polypropylene cap, removed from the glove 
box, and stirred at 60 °C for 12 h. The mixture was cooled to 0 
o
C (ice-water bath), and 
charged with THF (3 mL), 3 M NaOH (3 mL) and 30 % H2O2 (1.5 mL). The reaction was 
gradually warmed to room temperature and allowed to stir for 4 h at which time the vial 
was cooled to 0 °C (ice-water bath) and saturated aqueous sodium thiosulfate was added 
dropwise. The aqueous and organic layers were separated and the aqueous layer was 
extracted with ethyl acetate (3×20 mL). The organic layers were combined and dried 
over Na2SO4, filtered, and the volatiles were removed in vacuo. The crude reaction 
mixture was purified on silica gel (hexanes: ethyl acetate = 1:1 – 1:2) to afford a white 
solid (85.4 mg, 87% yield). 
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1.6.6 Characterization and Proof of Stereochemistry 
(2S,5R)-[1,1'-bi(cyclohexan)]-6-ene-2,5-diol (1.37). Rf = 0.17 
(hexanes: ethyl acetate = 1:1, stain in PMA); 
1
H NMR (500 MHz, 
CDCl3): δ 1.01 (1H, dtd, J = 13.6 Hz, 11.9 Hz, 3.6 Hz), 1.11-1.20 (1H, 
m), 1.23-1.35 (3H, m), 1.61-1.82 (8H, m), 1.83-1.89 (3H, m), 2.08 (1H, tt, J = 11.5 Hz, 
3.1 Hz), 4.10 (1H, br), 4.16 (1H, br), 5.53 (1H, d, J = 2.7 Hz); 
13
C NMR (125 MHz, 
CDCl3): δ 147.8, 126.4, 67.4, 65.8, 41.3, 33.7, 31.9, 29.9, 27.7, 27.1, 26.8, 26.5; IR (neat): 
3300.3 (br), 2921.8 (s), 2850.4 (s), 1446.8 (m), 1285.9 (w), 1072.4 (m), 979.9 (m), 956.6 
(w) cm
-1
; HRMS-(ESI+) for C12H24N1O2 [M+NH4]: calculated: 214.1807, found: 
214.1818; [α]D
20
: +9.78 (c = 0.92, CHCl3, l = 50 mm); melting point: 115.1-117.0 
o
C. 
 
Proof of Stereochemistry: 
The title compound was treated with triethylamine, acetic anhydride and catalytic 
4-(dimethylamino)pyridine to afford the diacetate for GLC analysis, as depicted below. 
The analogous racemic material was prepared via the same route using 
tricyclohexylphosphine as the achiral ligand in the diboration reaction.  
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Chiral GLC (-dex, Supelco, 180 °C, 20 psi) – analysis of [1,1'-bi(cyclohexan)]-6-ene- 
2,5-diyl diacetate. 
 
racemic product                         reaction product 
 
 
The absolute stereochemistry was determined by crystallography using anomalous 
dispersion. Flack parameter = 0.11. 
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(2S,5R)-2,3,4,5-tetrahydro-[1,1'-biphenyl]-2,5-diol (1.39). The 
diboration was performed according to the general procedure with 
slight modification with 3,4-dihydro-1,1'-biphenyl 1.38 (78.1 mg, 0.50 
mmol). After the scintillation vial was removed from the glove box, the reaction mixture 
was stirred at 60 
o
C for 20 min, then cooled to room temperature and stirred for 48 hours. 
The crude reaction mixture was purified on silica gel (hexanes: ethyl acetate = 1:1 – 1:2) 
to afford a white solid (59.9 mg, 63% yield). Rf = 0.21 (hexanes: ethyl acetate = 1:2, stain 
in PMA); 
1
H NMR (500 MHz, CDCl3): δ 1.77-1.85 (1H, m), 1.87-1.94 (1H, m), 
1.98-2.07 (2H, m), 4.35(1H, br), 4.67 (1H, br), 6.13 (1H, dd, J = 2.9 Hz, 0.7 Hz), 
7.29-7.32 (1H, m), 7.35-7.39 (2H, m), 7.49-7.52 (2H, m); 
13
C NMR (125 MHz, CDCl3): 
δ 141.2, 138.9, 130.9, 128.9, 128.1, 126.6, 67.5, 65.4, 29.3, 27.4; IR (neat): 3222.8 (br), 
2938.0 (w), 1490.1 (w), 1441.9 (w), 1307.2 (w), 1047.1 (s), 969.6 (s), 950.3 (m), 760.1 
(m), 697.3 (s), 508.4 (m), 485.0 (m) cm
-1
; HRMS-(ESI+) for C12H13O1 [M+HH2O]: 
calculated: 173.0966, found: 173.0966; [α]D
20
: +64.49 (c = 0.83, CHCl3, l = 50 mm); 
melting point: 137.0-139.0 
o
C. 
 
Proof of Stereochemistry: 
The title compound was treated with triethylamine, acetic anhydride and catalytic 
4-(dimethylamino)pyridine to afford the diacetate for GLC analysis, as depicted below. 
The analogous racemic material was prepared via the same route using 
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tricyclohexylphosphine as the achiral ligand in the diboration reaction. The absolute 
stereochemistry was assigned by analogy. 
 
Chiral GLC (-dex, Supelco, 180 °C, 20 psi) – analysis of 2,3,4,5-tetrahydro-[1,1'- 
biphenyl]-2,5-diyl diacetate. 
         
racemic product                         reaction product 
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(1S,4R)-2-benzylcyclohex-2-ene-1,4-diol (1.48). The diboration was 
performed according to the general procedure with (cyclohexa-1,5- 
dien-1-ylmethyl)benzene (85.1 mg, 0.50 mmol). The crude reaction mixture was purified 
on silica gel (hexanes: ethyl acetate = 1:1 – 1:2) to afford a white solid (96.0 mg, 94% 
yield). Rf = 0.23 (hexanes: ethyl acetate = 1:2, stain in PMA); 
1
H NMR (500 MHz, 
CDCl3): δ 1.65-1.76 (4H, m), 1.79-1.88 (2H, m), 3.43 (1H, d, J = 15.1 Hz), 3.52 (1H, d, J 
= 15.1 Hz), 3.95 (1H, br), 4.18 (1H, br), 5.58 (1H, br), 7.20-7.23 (3H, m), 7.28-7.31 (2H, 
m); 
13
C NMR (100 MHz, CDCl3): δ 142.3, 139.2, 129.7, 129.3, 128.7, 126.5, 66.9, 66.2, 
40.5, 29.3, 28.0; IR (neat): 3313.5 (br), 2939.6 (m), 2867.3 (w), 1493.6 (w), 1453.1 (m), 
1278.4 (w), 1070.6 (m), 1030.2 (m), 980.3 (m), 962.0 (m), 755.7 (w), 700.7 (s) cm
-1
; 
HRMS-(ESI+) for C13H20O2N1 [M+NH4]: calculated: 222.1494, found: 222.1489; [α]D
20
: 
+100.80 (c = 0.92, CHCl3, l = 50 mm); melting point: 114.8-116.6 
o
C. 
 
Proof of Stereochemistry: 
Enantioselectivity was determined by comparison of the title compound with the racemic 
material prepared using tricyclohexylphosphine as the achiral ligand in the diboration 
reaction. The absolute stereochemistry was assigned by analogy. 
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Chiral HPLC (OD-R, Chiraldex, 3.0 % i-PrOH in hexanes, 1.0 mL/min, 220 nm)-analysis 
of 2-benzylcyclohex-2-ene-1,4-diol.  
  
racemic product                      reaction product 
 
 
 
(1R,4S)-2-phenethylcyclohex-2-ene-1,4-diol (5b). The diboration 
was performed according to the general procedure with 
(2-(cyclohexa-1,5-dien-1-yl)ethyl)benzene (46.1 mg, 0.25 mmol), Pt(dba)3 (6.7 mg, 7.5 
mol), (R,R)-m-terphenylTADDOLPPh (R,R)-1.47 (18.1 mg, 30.0 mol), and B2(pin)2 
(66.6 mg, 262.5 mol) in THF (2.5 mL, 0.1 M).  The crude reaction mixture was 
purified on silica gel (hexanes: ethyl acetate = 1:2) to afford a white solid (50.0 mg, 91% 
yield). Rf = 0.18 (hexanes: ethyl acetate = 1:2, stain in PMA); 
1
H NMR (500 MHz, 
CDCl3): δ 1.64-1.71 (1H, m), 1.74-1.80 (1H, m), 1.81-1.89 (2H, m), 2.41 (1H, ddd, J = 
14.9 Hz, 10.1 Hz, 6.4 Hz), 2.48 -2.54 (1H, m), 2.74 (1H, ddd, J = 13.7 Hz, 9.8 z, 6.4 Hz), 
2.83 (1H, dd, J = 13.7 Hz, 10.1 Hz, 5.7 Hz), 4.04 (1H, br), 4.15 (1H, br), 7.17-7.20 (3H, 
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m), 7.26-7.30 (2H, m); 
13
C NMR (125 MHz, CDCl3): δ 142.3, 142.0, 128.62, 128.57, 
128.4, 126.2, 67.1, 66.8, 35.5, 34.6, 29.4, 28.1; IR (neat): 3300.4 (br), 2935.0 (s), 2858.3 
(m), 1495.8 (w), 1453.6 (m), 1276.4 (w), 1042.3 (m), 979.1 (m), 954.8 (m), 873.4 (w), 
749.0 (m), 699.3 (s) cm
-1
; HRMS-(ESI+) for C14H22O2N1 [M+NH4]: calculated: 236.1651, 
found: 236.1657; [α]D
20
: +9.82 (c = 0.62, CHCl3, l = 50 mm); melting point: 114.5-116.0 
o
C. 
Proof of Stereochemistry: 
Enantioselectivity was determined by comparison of the title compound with the racemic 
material prepared using tricyclohexylphosphine as the achiral ligand in the diboration 
reaction. The absolute stereochemistry was assigned by analogy. 
 
Chiral HPLC (OD-R, Chiraldex, 3.0 % i-PrOH in hexanes, 1.0 mL/min, 220 nm)-analysis 
of 2-phenethylcyclohex-2-ene-1,4-diol.  
 
racemic product                      reaction product 
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(1R,4S)-2-(3-phenylpropyl)cyclohex-2-ene-1,4-diol (1.50). The 
diboration was performed according to the general procedure with 
(3-(cyclohexa-1,5-dien-1-yl)propyl)benzene (99.2 mg, 0.50 mmol). The crude reaction 
mixture was purified on silica gel (hexanes: ethyl acetate = 1:2) to afford a white solid 
(94.0 mg, 92% yield). Rf = 0.28 (hexanes: ethyl acetate = 1:2, stain in PMA); 
1
H NMR 
(500 MHz, CDCl3): δ 1.64-1.72 (1H, m), 1.73-1.81 (2H, m), 1.82-1.89 (3H, m), 2.10-2.16 
(1H, m), 2.21-2.27 (1H, m), 2.58-2.68 (2H, m), 4.00-4.03 (1H, m), 4.15(1H, br), 5.57 (1H, 
br), 7.17-7.19 (3H, m), 7,26-7.29 (2H, m); 
13
C NMR (125 MHz, CDCl3): δ 142.6, 142.5, 
128.6, 128.5, 128.0, 126.0, 66.86, 66.82, 35.9, 33.4, 29.6, 29.4, 28.1; IR (neat): 3299.1 
(br), 3025.2 (w), 2937.0 (s), 2859.7 (m), 1495.4 (m), 1453.1 (m), 1356.3 (w), 1287.8 (w), 
1045.6 (m), 979.5 (m), 954.8 (m), 747.5 (m), 699.1 (s) cm
-1
; HRMS-(ESI+) for C15H19O1 
[M+HH2O]: calculated: 215.1436, found: 215.1443; [α]D
20
: +31.37 (c = 0.91, CHCl3, l = 
50 mm); melting point: 114.2-116.1 
o
C. 
 
Proof of Stereochemistry: 
The title compound was treated with triethylamine, acetic anhydride and catalytic 
4-(dimethylamino)pyridine to afford the diacetate for HPLC analysis, as depicted below. 
The analogous racemic material was prepared via the same route using 
tricyclohexylphosphine as the achiral ligand in the diboration reaction.  
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Chiral HPLC (OD-R, Chiraldex, 1.0 % i-PrOH in hexanes, 1 mL/min, 200 nm)-analysis 
of 2-(3-phenylpropyl)cyclohex-2-ene-1,4-diyl diacetate.  
 
           racemic product                      reaction product 
 
 
 
The absolute stereochemistry was determined by crystallography using anomalous 
dispersion. Flack parameter = 0.01. 
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(2R,5S)-2'-methyl-2,3,4,5-tetrahydro-[1,1'-biphenyl]-2,5-diol 
(1.51). The diboration was performed according to the general 
procedure with 2'-methyl-3,4-dihydro-1,1'-biphenyl (85.1 mg, 0.50 
mmol). The crude reaction mixture was purified on silica gel (hexanes: ethyl acetate = 
1:2) to afford a white solid (76.6 mg, 75% yield). Rf = (0.26, hexanes: ethyl acetate = 1:2, 
stain in PMA); 
1
H NMR (500 MHz, CDCl3): δ 1.83-1.92 (1H, m), 1.93-2.00 (3H, m), 
2.30 (3H, s), 4.28-4.33 (1H, m), 4.34-4.36 (1H, m), 5.75 (1H, d, J = 3.2 Hz), 7.12-7.22 
(4H, m); 
13
C NMR (100 MHz, CDCl3): δ 143.3, 139.4, 136.0, 131.6, 130.6, 129.2, 127.8, 
125.9, 67.5, 66.5, 28.3, 28.0, 20.1; IR (neat): 3277.4 (br), 2944.8 (m), 2899.3 (m), 1483.5 
(m), 1439.7 (m), 1290.4 (w), 1269.6 (w), 1042.6 (s), 980.8 (s), 954.0 (s), 842.1 (w), 764.3 
(m), 656.8 (s), 606.0 (s), 445.5 (m) cm
-1
; HRMS-(ESI+) for C13H15O1 [M+HH2O]: 
calculated: 187.1123, found: 187.1122; [α]D
20
: +90.55 (c = 0.98, CHCl3, l = 50 mm); 
melting point: 116.2-119.0 
o
C. 
 
Proof of Stereochemistry: 
The title compound was treated with triethylamine, acetic anhydride and catalytic 
4-(dimethylamino)pyridine to afford the diacetate for GLC analysis, as depicted below. 
The analogous racemic material was prepared via the same route using 
tricyclohexylphosphine as the achiral ligand in the diboration reaction. The absolute 
stereochemistry was assigned by analogy. 
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Chiral GLC (-dex, Supelco, 160 oC, 20 psi) - analysis of 2'-methyl-2,3,4,5-tetrahydro- 
[1,1'-biphenyl]-2,5-diyl diacetate. 
  
racemic product                      reaction product 
 
 
 
(1R,4S)-2-(naphthalen-1-yl)cyclohex-2-ene-1,4-diol (1.52). The 
diboration was performed according to the general procedure with 
1-(cyclohexa-1,5-dien-1-yl)naphthalene (30.9 mg, 0.15 mol), 
Pt(dba)3 (8.2 mg, 9.0 mol), (R,R)-m-terphenylTADDOLPPh (R,R)-1.47 (21.8 mg, 18.0 
mol), and B2(pin)2 (76.2 mg, 0.30 mmol) in THF (1.5 mL, 0.1 M) at 60 
o
C for 24 hours. 
The crude reaction mixture was purified on silica gel (hexanes: ethyl acetate = 1:2) to 
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afford a white solid (33.9 mg, 94% yield). Rf = 0.21 (hexanes: ethyl acetate = 1:2, stain in 
PMA); 
1
H NMR (500 MHz, CDCl3): δ 1.94-2.02 (1H, m), 2.04-2.11 (3H, m), 4.42 (1H, 
br), 4.52 (1H, br), 5.92 (1H, d, J = 2.9 Hz), 7.36 (1H, dd, J = 7.1 Hz, 1.0 Hz), 7.45-7.51 
(3H, m), 7.82 (1H, d, J = 8.3 Hz), 7.86-7.89 (1H, m), 7.93-7.95 (1H, m); 
13
C NMR (125 
MHz, CDCl3): δ 142.0, 137.7, 134.0, 133.4, 131.9, 128.7, 128.3, 126.4, 126.3, 126.2, 
125.53, 125.51, 68.0, 66.9, 28.5, 27.9; IR (neat): 3273.1 (br), 2898.9 (m), 1440.8 (w), 
1272.2 (w), 1051.3 (m), 981.8 (m), 801.8 (s), 778.3 (s), 667.5 (m), 597.4 (m) cm
-1
; 
HRMS-(ESI+) for C16H15O1 [M+HH2O]: calculated: 223.1123, found: 223.1134; [α]D
20
: 
+26.13 (c = 0.15, CHCl3, l = 50 mm); melting point: 176.5-179.2 
o
C.  
 
Proof of Stereochemistry: 
The title compound was treated with triethylamine, benzoic anhydride and catalytic 
4-(dimethylamino)pyridine to afford the bis(benzoate) for HPLC analysis, as depicted 
below. The analogous racemic material was prepared via the same route using 
tricyclohexylphosphine as the achiral ligand in the diboration reaction. The absolute 
stereochemistry was assigned by analogy. 
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Chiral HPLC (OD-R, Chiraldex, 1.0 % i-PrOH in hexanes, 1.0 mL/min, 220 nm)-analysis 
of 2-(naphthalen-1-yl)cyclohex-2-ene-1,4-diyl dibenzoate.  
  
racemic product                      reaction product 
 
 
(1R,4S)-2-(2-(benzyloxy)ethyl)cyclohex-2-ene-1,4-diol (1.53). 
The diboration was performed according to the general procedure 
with ((2-(cyclohexa-1,5-dien-1-yl)ethoxy)methyl)benzene (32.1 mg, 0.15 mol), Pt(dba)3 
(4.1 mg, 4.5 mol), (R,R)-m-terphenylTADDOLPPh 1.47 (10.9 mg, 9.0 mol), and 
B2(pin)2 (40.0 mg, 157.5 mol) in THF (1.5 mL, 0.1 M). The crude reaction mixture was 
purified on silica gel (hexanes: ethyl acetate = 1:2) to afford a white solid (34.3 mg, 92% 
yield). Rf = 0.17 (hexanes: ethyl acetate = 1:2, stain in PMA); 
1
H NMR (500 MHz, 
CDCl3): δ 1.69-1.76 (2H, m), 1.80-1.85 (2H, m), 2.30-2.36 (1H, m), 2.47-2.52 (1H, m), 
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3.56-3.60 (1H, m), 3.62-3.66 (1H, m), 3.99 (1H, br), 4.13 (1H, br), 4.52 (1H, d, J = 12.0 
Hz), 4.55 (1H, d, J = 12.0 Hz), 5.59 (1H, d, J= 2.8 Hz), 7.28-7.37 (5H, m); 
13
C NMR 
(125 MHz, CDCl3): δ 141.5, 137.7, 129.8, 128.7, 128.11, 128.09, 73.5, 70.4, 66.95, 66.90, 
35.3, 28.6, 28.1; IR (neat): 3343.2 (br), 2927.7 (s), 2857.1 (s), 1453.9 (m), 1360.3 (m), 
1275.2 (w), 1074.6 (s), 980.3 (s), 737.7 (s), 698.2 (s), 608.1 (w); HRMS-(ESI+) for 
C15H19O2 [M+HH2O]: calculated: 231.1385, found: 231.1379; [α]D
20
: 5.41(c = 0.53, 
CHCl3, l = 50 mm).  
Proof of Stereochemistry: 
Enantioselectivity was determined by comparison of the title compound with the racemic 
material prepared using tricyclohexylphosphine as the achiral ligand in the diboration 
reaction. The absolute stereochemistry was assigned by analogy. 
Chiral HPLC (OD-R, Chiraldex, 3.0 % i-PrOH in hexanes, 1.0 mL/min, 220 nm)-analysis 
of 2-(2-(benzyloxy)ethyl)cyclohex-2-ene-1,4-diol.  
 
racemic product                      reaction product 
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(1R,4S)-2-(2-(1,3-dioxolan-2-yl)ethyl)cyclohex-2-ene-1,4-diol 
(1.54). The diboration was performed according to the general 
procedure with 2-(2-(cyclohexa-1,5-dien-1-yl)ethyl)-1,3-dioxolane 
(90.1 mg, 0.50 mmol). The crude reaction mixture was purified on silica gel (100% ethyl 
acetate) to afford a white solid (90.0 mg, 84% yield). Rf = 0.23 (100% ethyl acetate, stain 
in PMA); 
1
H NMR (500 MHz, CDCl3): δ 1.63-1.75 (2H, m), 1.76-1.89 (4H, m), 
2.18-2.31 (2H, m), 3.81-3.87 (2H, m), 3.92-3.97 (2H, m), 3.98 (1H, br), 4.10 (1H, br), 
4.87 (1H, t, J = 4.7 Hz), 5.55 (1H, br); 
13
C NMR (125 MHz, CDCl3): δ 141.9, 128.1, 
104.4, 66.69, 66.66, 65.07, 65.04, 32.0, 29.3, 28.1, 27.9; IR (neat): 3353.7 (br), 2937.5 
(w), 2878.1 (s), 1443.1 (w), 1408.9 (m), 1265.6 (w), 1135.1 (s), 1044.3 (s), 977.8 (s), 
955.6 (s), 895.6 (m), 644.4 (w); HRMS-(ESI+) for C11H17O3 [M+HH2O]: calculated: 
197.1178, found: 197.1169; [α]D
20
: +15.91 (c = 0.95, CHCl3, l = 50 mm). 
 
Proof of Stereochemistry: 
The title compound was treated with triethylamine, benzoic anhydride and catalytic 
4-(dimethylamino)pyridine to afford the bis(benzoate) for HPLC analysis, as depicted 
below. The analogous racemic material was prepared via the same route using 
tricyclohexylphosphine as the achiral ligand in the diboration reaction. The absolute 
stereochemistry was assigned by analogy. 
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Chiral HPLC (OD-R, Chiraldex, 3.0 % i-PrOH in hexanes, 1.0 mL/min, 220 nm)-analysis 
of 2-(2-(1,3-dioxolan-2-yl)ethyl)cyclohex-2-ene-1,4-diyl dibenzoate. 
 
 
racemic product                      reaction product 
 
 
 
 
(1R,4S)-2-butylcyclohept-2-ene-1,4-diol (1.55). The diboration 
was performed according to the general procedure with 2-butyl- 
cyclohepta-1,3-diene (37.6 mg, 0.25 mol), Pt(dba)3 (22.4 mg, 25 
mol), (R,R)-m-terphenylTADDOLPPh 1.47 (60.5 mg, 50 mol), and B2(pin)2 (190.4 mg, 
0.75 mmol) in THF (0.5 mL, 0.5 M) at 60 
o
C for 48 hours. The crude reaction mixture 
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was purified on silica gel (hexanes: ethyl acetate = 3:1) to afford a colorless oil (14.7 mg, 
32% yield). Rf = 0.26 (hexanes: ethyl acetate = 3:2, stain in PMA); 
1
H NMR (500 MHz, 
CDCl3): δ 0.91 (3H, t, J = 7.2 Hz), 1.29-1.36 (2H, m), 1.37-1.43 (2H, m), 1.55-1.69 (3H, 
m), 1.84-1.93 (2H, m), 2.08 (2H, td, J = 7.6 Hz, 1.2 Hz), 2.28-2.37 (1H, m), 4.12 (1H, d, 
J = 6.6 Hz), 4.26 (1H, ddd, J = 6.9 Hz, 6.8 Hz, 1.5 Hz), 5.71 (1H, d, J = 6.8 Hz); 
13
C 
NMR (100 MHz, CDCl3): δ 149.7, 129.5, 72.3, 68.2, 37.9, 34.5, 33.8, 30.6, 22.6, 19.5, 
14.2; IR (neat): 3315.0 (br), 2924.3 (s), 2856.1 (m), 1647.7 (w), 1453.7 (m), 1272.8 (w), 
1059.3 (s), 1028.1 (s), 937.1 (m), 654.6 (w); HRMS-(ESI+) for C11H19O1 [M+HH2O]: 
calculated: 167.1436, found: 167.1430; [α]D
20
: +6.28 (c = 0.53, CHCl3, l = 50 mm). 
 
Proof of Stereochemistry: 
The title compound was treated with triethylamine, benzoic anhydride and catalytic 
4-(dimethylamino)pyridine to afford the bis(benzoate) for HPLC analysis, as depicted 
below. The analogous racemic material was prepared via the same route using 
tricyclohexylphosphine as the achiral ligand in the diboration reaction. The absolute 
stereochemistry was assigned by analogy. 
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Chiral HPLC (OD-R, Chiraldex, 1.0 % i-PrOH in hexanes, 0.25 ml/min, 220 
nm)-analysis of 2-butylcyclohept-2-ene-1,4-diyl dibenzoate. 
  
racemic product                      reaction product 
 
 
 
1.6.7 Procedure for Diene Diboration/Homologation/Oxidation (Scheme 1.17) 
In the glove box, an oven-dried 20 mL scintillation vial with magnetic stir bar was 
charged with Pt(dba)3 (6.7 mg, 7.5 mol), phosphonite ligand (R,R)-1.47 (18.1 mg, 15.0 
mol), and toluene (2.5 mL, 0.1 M). After stirring for 1 h, B2(pin)2 (66.7 mg, 262.5 mol) 
was added to the mixture followed by (3-(cyclohexa-1,5-dien-1-yl)propyl)benzene 1.57 
(49.6 mg, 0.25 mmol). The vial was sealed with a polypropylene cap, removed from the 
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glove box, and stirred at 60 °C for 12 h, after which the reaction was cooled to room 
temperature. Toluene was removed in vacuo. The vial was fitted with a septum, and 
placed under a nitrogen atmosphere. The crude reaction mixture was then charged with 
THF (2.5 mL), bromochloromethane (35.7 L, 0.55 mmol) and cooled to 78 oC. n-BuLi 
(0.19 mL, 0.55 mmol) was added dropwise under nitrogen atmosphere and the reaction 
was allowed to stir at 78 oC for 10 min, at which time it was warmed to room 
temperature and stirred for 12 h. The mixture was cooled to 0 
o
C (ice-water bath), and 
charged with THF (2 mL), 3 M NaOH (2 mL) and 30 % H2O2 (1 mL). The reaction was 
gradually warmed to room temperature and allowed to stir for 4 h at which time the vial 
was cooled to 0 °C (ice-water bath) and saturated aqueous sodium thiosulfate was added 
dropwise. The aqueous and organic layers were separated and the aqueous layer was 
extracted with ethyl acetate (3×20 mL). The organic layers were combined and dried 
over Na2SO4, filtered, and the volatiles were removed by rotary evaporation. The crude 
reaction mixture was purified on silica gel (hexanes: ethyl acetate = 1:1) to afford a 
colorless oil (57.3 mg, 88% yield). 
 
((1R,4S)-2-(3-phenylpropyl)cyclohex-2-ene-1,4-diyl)dimetha
nol (1.59). Rf = 0.24 (hexanes: ethyl acetate = 1:1, stain in PMA); 
1
H NMR (500 MHz, CDCl3): δ 1.45-1.53 (1H, m), 1.59-1.76 (3H, m), 1.77-1.88 (1H, m), 
1.89-1.95 (1H, m), 2.02-2.13 (2H, m), 2.23 (1H, br), 2.32 (1H, br), 2.55-2.67 (2H, m), 
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3.50-3.59 (3H, m), 3.66 (1H, dd, J = 10.6 Hz, 2.8 Hz), 5.49 (1H, br), 7.17-7.20 (3H, m), 
7.26-7.30 (2H, m); 
13
C NMR (125 MHz, CDCl3): δ 142.6, 139.7, 128.6, 128.5, 125.9, 
125.6, 67.3, 64.5, 39.8, 38.8, 35.9, 35.3, 30.2, 24.5, 22.0; IR (neat): 3314.4 (br), 2935.6 
(w), 2862.4 (w), 1451.8 (w), 1028.7 (m), 734.2 (w), 697.4 (s), 488.5 (w) cm
-1
; 
HRMS-(ESI+) for C17H25O2 [M+H]: calculated: 261.1855, found: 261.1864; [α]D
20
: 
+8.09 (c = 0.82, CHCl3, l = 50 mm). 
Proof of Stereochemistry: 
Enantioselectivity was determined by comparison of the title compound with the racemic 
material prepared using tricyclohexylphosphine as the achiral ligand in the diboration 
reaction. The absolute stereochemistry was assigned by the diboration/oxidation product. 
 
Chiral HPLC (AD-H, Chiraldex, 5.0 % i-PrOH in hexanes, 1.0 mL/min, 220 nm)-analysis 
of 2-(3-phenylpropyl)cyclohex-2-ene-1,4-diyl)dimethanol. 
 
racemic product                      reaction product 
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1.6.8 Procedure for Diene Diboration/Allylation/Oxidation (Scheme 1.18) 
In the glove box, an oven-dried 20 mL scintillation vial with magnetic stir bar was 
charged with Pt(dba)3 (13.5 mg, 15.0 mol), phosphinite ligand (R,R)-1.47 (36.3 mg, 
30.0 mol), and toluene (5.0 mL, 0.1 M). After stirring for 1 h, B2(pin)2 (133.3 mg, 0.525 
mmol) was added to the mixture followed by [1,1'-bi(cyclohexane)]-1,5-diene 1.36 (81.1 
mg, 0.50 mmol). The vial was sealed with a polypropylene cap, removed from the glove 
box, and stirred at 60 °C for 12 h. The vial was cooled to room temperature, returned to 
the glove box and charged with isovaleraldehyde (129.2 mg, 1.50 mmol). The vial was 
sealed, removed from the glove box, and stirred at 80 
o
C for 30 h. The mixture was 
cooled to 0 
o
C (ice-water bath), and charged with THF (3 mL), 3 M NaOH (3 mL) and 
30 % H2O2 (3 mL). The reaction was gradually warmed to room temperature and allowed 
to stir for 4 h at which time the vial was cooled to 0 °C (ice-water bath) and saturated 
aqueous sodium thiosulfate was added dropwise. The aqueous and organic layers were 
separated and the aqueous layer was extracted with ethyl acetate (3×20 mL). The 
organic layers were combined and dried over Na2SO4, filtered, and the volatiles were 
removed by rotary evaporation. The crude reaction mixture was purified on silica gel 
(100% dichloromethane first, then hexanes: ethyl acetate = 4:1) to afford a white solid 
(114.6 mg, 86% yield). 
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(2R,3S)-2-((S)-1-hydroxy-3-methylbutyl)-[1,1'-bi(cyclohexan)]-6-
en-3-ol (1.60). Rf = 0.18 (hexanes:ethyl acetate = 5:1, stain in PMA); 
1
H NMR (500 MHz, CDCl3): δ 0.79-0.89 (1H, m), 0.93 (3H, d, J = 
6.6 Hz), 0.96 (3H, d, J = 6.6 Hz), 1.14-1.19 (1H, m), 1.23-1.34 (4H, m), 1.60-1.73 (5H, 
m), 1.79-1.97 (5H, m), 2.01-2.08 (1H, m), 2.25-2.33 (2H, m), 4.12 (1H, ddd, J = 9.0 Hz, 
4.4 Hz, 4.4 Hz), 4.31 (1H, ddd, J = 7.3 Hz, 3.2 Hz, 3.2 Hz), 5.51 (1H, br); 
13
C NMR (100 
MHz, CDCl3): δ 141.1, 120.7, 70.4, 69.5, 45.7, 44.6, 41.9, 34.7, 31.0, 28.3, 27.2, 27.0, 
26.8, 25.0, 23.9 22.3, 21.7; IR (neat): 3311.0 (br), 2922.7 (s), 2850.4 (m), 1448.1 (m), 
1261.2 (w), 1068.9 (m), 1045.3 (m), 845.9 (w), 755.2 (m), 568.4 (w); HRMS-(ESI+) for 
C17H29O1 [M+HH2O]: calculated: 249.2218, found: 249.2210; [α]D
20
: +24.83 (c = 0.60, 
CHCl3, l = 50 mm); melting point: 78.0 – 82.1 
o
C. 
 
Proof of Stereochemistry: 
The title compound was treated with triethylamine, acetic anhydride and catalytic 
4-(dimethylamino)pyridine to afford the diacetate for GLC analysis, as depicted below. 
The analogous racemic material was prepared via the same route using 
tricyclohexylphosphine as the achiral ligand in the diboration reaction.  
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Chiral GLC (-dex, Supelco, 150 °C, 20 psi) – analysis of 2-(-1-acetoxy-3-methylbutyl)- 
[1,1'-bi(cyclohexan)]-6-en-3-yl acetate. 
  
racemic product                      reaction product 
 
The absolute stereochemistry was determined by crystallography using anomalous 
dispersion. Flack parameter = 0.00. 
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Chapter 2 
2 Development of Catalytic Enantioselective One-pot 
Aminoborylation of Aromatic Aldehydes 
 
2.1 Introduction 
In the past two decades, significant advances in synthetic organic chemistry and 
chemical biology have allowed preparation and evaluation of chiral -amino boronic 
acids as potential therapeutic candidates. As analogs of carboxylic -amino acids, the 
vacant p-orbital of the boron atom makes these molecules capable of forming a dative 
bond with nucleophiles to form anionic tetrahedral structures that target active sites of 
various enzymes. This unique biological activity of chiral -amino boronic acids, 
especially as proteasome inhibitors, has been widely documented.
1
 For example, 
bortezomib, later marketed as Velcade® (2.1, Figure 2.1), preferentially inhibits 20S 
proteasome (Ki = 0.62 nM) over other enzymes, causes accumulation of pro-apoptotic 
                                                 
 
1
 For reviews, see: (a) Smoum, R.; Rubinstein, A.; Dembitsky, V. M.; Srebnik, M. Chem. Rev. 2012, 112, 
4156. (b) Touchet, S.; Carreaux, F.; Carboni, B.; Bouillon, A.; Boucher, J.-L. Chem. Soc. Rev. 2011, 40, 
3895. (b) Baker, S. J.; Tomsho, J. W.; Benkovic, S. J. Chem. Soc. Rev. 2011, 40, 4279. (c) Dick, L. R.; 
Fleming, P. E. Drug. Discovery Today 2010, 15, 243. (d) Baker, S. J.; Ding, C. Z.; Akama, T.; Zhang, Y.-K.; 
Hernandez, V.; Xia, Y. Future Med. Chem. 2009, 1, 1275. (e) Dembitsky, V. M.; Srebnik, M. Tetrahedron, 
2003, 59, 579. (f) Yang, W.; Gao, X.; Wang, B. Med. Res. Rev. 2003, 23, 346. 
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proteins in the cell, and eventually leads to apoptosis and cell death.
2,3
 As the first 
therapeutic proteasome inhibitor, Velcade® has been approved by FDA for treating 
relapsed multiple myeloma and mantle cell lymphoma in 2003 and 2004, respectively.
4
 
Recently, a similar compound, delanzomib (CEP-18770) (2.2, Figure 2.1), has been 
described as a proteasome inhibitor.
5
 -Amino boronic acids targeting other types of 
enzymes, such as -lactamase6, hepatitis C virus protease7 and thrombin8, have also been 
reported. 
 
 
 
 
                                                 
 
2
 (a) Adams, J.; Behnke, M.; Chen, S. W.; Cruickshank, A. A.; Dick, L. R.; Grenier, L.; Klunder, J. M.; Ma, 
Y. T.; Plamondon, L.; Stein, R. L. Bioorg. Med. Chem. Lett. 1998, 8, 333. (b) Adams, J.; Palombella, V. J.; 
Sausville, E. A.; Johnson, J.; Destree, A.; Lazarus, D. D.; Maas, J.; Pien, C. S.; Prakash, S.; Elliott, P. J. 
Cancer Res. 1999, 59, 2615. (c) Albanell, J.; Adams, J. Drugs Fut. 2002, 27, 1079. (d) Adams, J. Cancer 
Cell 2003, 5, 417. (e) Adams, J.; Kauffman, M. Cancer Inv. 2004, 22, 304. 
3
 Greener, B. S.; Millan, D. S. Modern Drug Synthesis; Wiley: Hoboken, NJ, 2010; Chapter 8. 
4
 www.velcade.com. 
5
 (a) Gallerani, E.; Zucchetti, M.; Brunelli, D.; Marangon, E.; Noberasco, C.; Hess, D.; Delmonte, A.; 
Martinelli, G.; Böhm, S.; Driessen, C.; De Braud, F.; Marsoni, S.; Cereda, R.; Sala, F.; D’Incalci, M.; Sessa, 
C. Eur. J. Cancer 2013, 49, 290. (b) Roemmele, R. C.; Christie, M. A. Org. Process Res. Dev. 2013, 17, 
422. 
6
 Chen, Y.; Shoichet, B.; Bonnet, R. J. Am. Chem. Soc. 2005, 127, 5423. 
7
 Priestley, E. S.; De Lucca, I.; Ghavimi, B.; Erickson-Viitanen, S.; Decicco, C. P. Bioorg. Med. Chem. Lett. 
2002, 12, 3199. 
8
 Fevig, J. M.; Abelman, M.; Brittelli, D. R.; Kettner, C. A.; Knabb, R. M.; Weber, P. C. Bioorg. Med. 
Chem. Lett. 1996, 6, 295. 
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Figure 2.1 -Amino Boronic Acids with Biological Activities 
 
 
In addition to their use as therapeutics, -amino boronic esters have been 
demonstrated as important intermediates for the synthesis of enantioenriched benzhydryl 
amines. These important, biologically active compounds previously can only be accessed 
by rhodium-catalyzed enantioselective arylation of N-sulfonyl imines with aryl 
stannanes,
9
 titanium reagents,
10
 boroxines
11
 and boronic acids.
12
 In 2010, Ohmura and 
Suginome published a palladium-catalyzed stereospecific Suzuki-Miyaura coupling 
between -amino boronic esters and aryl bromides (Scheme 2.1).13 In this reaction, 
enantioenriched-amino boronic ester (S)-2.3 was converted to benzhydryl amine 
                                                 
 
9
 Hayashi, T.; Ishigedani, M. J. Am. Chem. Soc. 2000, 122, 976. 
10
 Hayashi, T.; Kawai, M.; Tokunaga, N. Angew. Chem. Int. Ed. 2004, 43, 6125. 
11
 (a) Kuriyama, M.; Soeta, T.; Hao, X.; Chen, Q.; Tomioka, K. J. Am. Chem. Soc. 2004, 126, 8128.  (b) 
Tokunaga, N.; Otomaru, Y.; Okamoto, K.; Ueyama, K.; Shintani, R.; Hayashi, T. J. Am. Chem. Soc. 2004, 
126, 13584. 
12
 Duan, H.-F.; Jia, Y.-X.; Wang, L.-X.; Zhou, Q.-L. Org. Lett. 2006, 8, 2567. 
13
 (a) Awano, T.; Ohmura, T.; Suginome, M. J. Am. Chem. Soc. 2011, 133, 20738. (b) Ohmura, T.; Awano, 
T.; Suginome, M. J. Am. Chem. Soc. 2010, 132, 13191. (c) Ohmura, T.; Awano, T.; Suginome, M. Chem. 
Lett. 2009, 38, 664. 
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(S)-2.4 with high inversion of stereochemistry. Addition of 3.0 equivalents of phenol 
further enhances the selectivity. This method provided an alternative disconnection for 
the synthesis of enantioenriched benzhydryl amines. Later studies showed that the 
stereochemical outcome can be switched in the presence of different additives. When 0.5 
equivalents of Zr(Oi-Pr)4·i-PrOH was employed instead of phenol, highly stereospecific, 
but retentive coupling was observed. Presumably the invertive and retentive couplings 
proceed through transition state TS1 and TS2, respectively (Scheme 2.1). 
 
Scheme 2.1 Enantiospecific Suzuki-Miyaura Couplings of -Amino Boronic Esters 
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Despite the importance of -amino boronic acids and their derivatives, few 
methods are available for their asymmetric synthesis. Practically, Matteson homologation 
of boronic esters bearing a chiral auxiliary (e.g. pinanediol)
14
 is still the only method 
which is being widely used, not only in academia, but also in the industry.  
Recently, the Morken group developed Pt-catalyzed enantioselective addition of 
B2(pin)2 across the terminal alkene double bond (Scheme 2.2).
15
 We envisioned that an 
analogous reaction with imines, which are isoelectronic with alkenes, could generate 
enantioenriched α-amino boronic esters, thus providing novel, rapid access to these 
important compounds.  
 
Scheme 2.2 Proposed Pt-Catalyzed Enantioselective Diboration of Imines 
 
                                                 
 
14
 (a) Matteson, D. S.; Sadhu, K. M.; Lienhard, G. E. J. Am. Chem. Soc. 1981, 103, 5241. (b) Matteson, D. 
S.; Sadhu, K. M. J. Am. Chem. Soc. 1983, 105, 2077. For reviews, see: (c) Matteson, D. S. J. Org. Chem. 
2013, 78, 10009. (d) Matteson, D. S. Med. Res. Rev. 2008, 28, 233. (e) Matteson, D. S. Chem. Rev. 1989, 89, 
1535. 
15
 (a) Kliman, L. T.; Mlynarski, S. N.; Morken, J. P. J. Am. Chem. Soc. 2009, 131, 13210. (b) Coombs, J. R.; 
Haeffner, F.; Kliman, L. T.; Morken, J. P. J. Am. Chem. Soc. 2013, 135, 11222. 
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2.2 Background 
In 1981, Matteson and co-workers accomplished the first diastereoselective 
synthesis of nonracemic -amino boronic esters,14 which has been applied to numerous 
syntheses in medicinal chemistry laboratories and even in the industrial synthesis of 
Velcade® (Scheme 2.3). In this process, a chiral diol was utilized as a directing group for 
diastereoselective 1,2-migration. Following studies revealed that the addition of 
substoichiometric amount of ZnCl2 (0.51.0 equivalents) improved both yield and 
diastereoselectivity significantly.
14b
 It is reasoned that as a Lewis acid, ZnCl2 can 
selectively coordinate with one of the oxygens of pinanediol, as well as one of the 
chlorine atoms to assist its leaving.
16
 It’s also of importance that ZnCl2 minimizes the 
rate of LiCl-catalyzed epimerization of the -carbon center by forming LiZnCl3 and 
Li2ZnCl4.
17
  
As depicted in Scheme 2.3, the synthesis of Velcade® commences with boronic 
acid (+)-pinanediol ester 2.5, which reacts with in situ generated (dichloromethyl)lithium 
to form ate complex 2.6. Diastereoselective 1,2-migration occurs with the aid of ZnCl2 
upon warming toward 10 °C to furnish -chloro boronic esters 2.7. After workup, 2.7 
                                                 
 
16
 For calculation of the transition state of Matteson homologation, see: Midland, M. M. J. Org. Chem. 
1998, 63, 914. 
17
 Both LiCl and ZnCl2 catalyze the epimerization of -chloro boronic esters, while LiZnCl3 and Li2ZnCl4 
are much less active. See: Matteson, D. S.; Erdik, E. Organometallics, 1983, 2, 1083. 
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was converted to silylated amino boronic ester 2.8 using LiHMDS, then treated with TFA 
to afford isolable 2.9 as the precursor of Velcade®. 
This process route is conducted under cryogenic conditions and requires accurate 
temperature control to achieve high selectivity. A stoichiometric amount of chiral 
auxiliary is employed, and highly functionalized substrates are not tolerated under the 
strongly basic conditions. Despite the tremendous success of Matteson homologation, a 
catalytic, enantioselective synthesis of -amino boronic acids or esters is well worth 
studying. 
Scheme 2.3 Construction of -Amino Boronic Ester in the Industrial Syntheses of 
Bortezomib (Velcade
®
) 
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In 2000, pioneering work of Pt-catalyzed diboration of aromatic imines such as 
2.10 was published by Baker and co-workers (Scheme 2.4).
18
 Although this was a 
significant advancement in the field of imine diboration, the substrate scope was 
extremely limited and the reaction required B2(cat)2, a more reactive and sensitive 
diboron reagent. Due to the inherent instability, the products were difficult to isolate and 
any attempts of further functionalization resulted in predominant formation of the imine 
starting material. The use of a chiral catalyst was also not reported. 
 
Scheme 2.4 Pt-catalyzed Diboration of Imines 
 
 
In 2008, Ellman and co-workers developed a copper-catalyzed diastereoselective 
diboration of N-tert-butanesulfinyl aldimines 2.11
19
 using Sadighi’s catalyst 2.1220 
(Scheme 2.5). Their studies showed that Cu(I)/NHC complex 2.12 was capable of 
catalyzing the addition of B2(pin)2, a more stable diboron reagent, across the double bond 
                                                 
 
18
 Mann, G.; John, K. D.; Baker, R. T. Org. Lett. 2000, 2, 2105. 
19
 Beenen, M. A.; An, C.; Ellman, J. A. J. Am. Chem. Soc. 2008, 130, 6910. 
20
 Laitar, D. S.; Tsui, E. Y.; Sadighi, J. P. J. Am. Chem. Soc. 2006, 128, 11036. 
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of imines, with moderate to high yields and excellent diastereoselectivity. The reaction 
products were generally stable enough to be isolated by column chromatography. They 
also demonstrated the versatility of their protocol by an efficient synthesis of bortezomib 
(2.1). More recently, improved conditions were published utilizing an air- and 
moisture-stable Cu(II) catalyst under aqueous conditions in air.
21
 Under modified 
conditions, ketimines were also proved to be suitable substrates with moderate 
diastereoselectivity.
22
 
 
Scheme 2.5 Cu(I)/NHC-Catalyzed Diastereoselective Imine Diboration 
 
 
The main drawback of Ellman’s protocol is that a chiral auxiliary is obligatory 
and requires extra steps to install and remove. To address this problem, Lin and 
co-workers explored an asymmetric borylation of N-benzoyl aldimines with a Cu(I) 
catalyst and a chiral NHC ligand (Scheme 2.6, eq. 1).
23
 The reaction proceeded smoothly 
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 Buesking, A. W.; Bacauanu, V.; Cai, I.; Ellman, J. A. J. Org. Chem. 2014, 79, 3671. 
22
 Wen, K.; Wan, H.; Chen, J.; Zhang, H.; Cui, X.; Wei, C.; Fan, E.; Sun, Z. J. Org. Chem. 2013, 78, 3405. 
23
 Zhang, S.-S.; Zhao, Y.-S.; Tian, P.; Lin, G.-Q. Synlett 2013, 24, 437. 
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at room temperature, furnishing α-amino boronic esters with good yield and moderate 
enantioselectivity. It is noteworthy that alkyl aldimines could be generated in situ with 
Cs2CO3 to achieve a high level of selectivity (Scheme 2.6, eq. 2).   
 
Scheme 2.6 Cu(I)/NHC-catalyzed Asymmetric Borylation of N-Benzyol Imines 
 
 
Although C-B bond formation was dominated by transition metal catalysis, it is 
well-known that a nucleophilic NHC can associate with the Lewis acidic boron atoms of 
B2(pin)2, thus leading to activation of the B-B bond in the absence of a copper catalyst.
24
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 (a) Wu, H.; Radomkit, S.; O’Brien, J. M.; Hoveyda, A. H. J. Am. Chem. Soc. 2012, 134, 8277. (b) Lee, 
K.-S.; Zhugralin, A. R.; Hoveyda, A. H. J. Am. Chem. Soc. 2009, 131, 7253. 
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Sun and co-workers evaluated a series of N-aryl substituted NHCs with a benzimidazole 
core and revealed that in the presence of a catalytic amount of NHC 2.13 and DBU, imine 
2.14 underwent diboration to afford -amino boronic ester 2.15 with high yield and 
excellent diastereoselectivity (Scheme 2.7).
25
 It is noteworthy that this reaction can be 
conducted under open atmosphere and in protic solvent.  
 
Scheme 2.7 NHC-catalyzed Diastereoselective Imine Borylation 
 
 
In addition to the precedent provided by the Hoveyda group,
24
 considerable effort 
has also been devoted to activation of B2(pin)2 using Lewis bases. In 2011, Fernández and 
co-workers discovered the first Lewis base-catalyzed diboration of alkenes and allenes.
26
 
Later studies showed that these conditions were also applicable to diboration of 
tosylaldimines, and the use of chiral phosphine ligands allowed the control of 
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 Wen, K.; Chen, J.; Gao, F.; Bhadury, P. S.; Fan, E.; Sun, Z. Org. Biomol. Chem. 2013, 11, 6350. 
26
 Bonet, A.; Pubill-Ulldemolins, C.; Bo, C.; Gulyás, H.; Fernández, E. Angew. Chem. Int. Ed. 2011, 50, 
7158. 
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enantioselectivity (Scheme 2.8).
27
 However, the stereochemical outcome was highly 
dependent on the substrate and any subtle change of the imine could lead to significant 
loss of enantioselectivity. 
 
Scheme 2.8 Transition-Metal-Free Tosylaldimine Diboration 
 
-Amino boronic esters can also be synthesized via C-H activation. In 2012, 
Sawamura and co-workers reported a Rh-catalyzed direct C(sp
3)−H  borylation of 
amides, ureas, and 2-aminopyridine derivatives to yield the corresponding -amino 
boronic esters (Scheme 2.9).
28
 The reaction occurs exclusively at the N-adjacent position, 
not only at terminal C-H bonds but also internal ones. A silica-supported triarylphosphine 
ligand (Silica-TRIP 2.16) featuring an immobilized triptycene-type cage structure was 
essential for the transformation. The use of a corresponding chiral ligand has not yet been 
developed. 
                                                 
 
27 Solé, C.; Gulyás, H.; Fernández, E. Chem. Commun. 2012, 48, 3769. 
28
 Kawamorita, S.; Miyazaki, T.; Iwai, T.; Ohmiya, H.; Sawamura, M. J. Am. Chem. Soc. 2012, 134, 12924. 
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Scheme 2.9 Rh-Catalyzed Direct Borylation of N-Adjacent C(sp
3)−H Bonds 
 
2.3  Development of Catalytic Enantioselective One-pot Amino- 
borylation of Aromatic Aldehydes29 
2.3.1 Preliminary Experiments of Pt-Catalyzed Diboration of N-Pivaloyl Imine 
Inspired by Baker’s Pt-catalyzed diboration of N-aryl imines,18 we started to 
investigate the reaction between B2(pin)2 and N-pivaloyl imine 2.17 in the presence of 
Pt(dba)3 and a phosphine ligand to generate -amino boronic acid pinacol ester 2.19 
(Table 2.1). Imine 2.17 can be easily prepared from benzaldehyde in two steps through 
isolable intermediate N-silyl imine 2.18 (Scheme 2.10).
30
 The acyl group was chosen for 
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 Hong, K.; Morken, J. P. J. Am. Chem. Soc. 2013, 135, 9252. 
30
 Lou, S.; Moquist, P. N.; Schaus, S. E. J. Am. Chem. Soc. 2007, 129, 15398. 
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N-protection because most biologically active -amino boronic acid contain N-acyl type 
substitution, which could be important to their potency and stability. It is also noteworthy 
that 2.19 has been synthesized, isolated, and well characterized in the literature.
13
  
Scheme 2.10 Preparation of N-Pivaloyl Imine 2.17 
 
 
To our delight, when PCy3 was employed as the ligand, full conversion of 2.17 
was observed, furnishing 2.19 after a selective N-B bond cleavage during the aqueous 
workup (entry 1, Table 2.1). The overall reaction was very clean and 2.19 could be 
isolated by column chromatography in 71% yield. Incomplete conversion occured when 
less electron-rich ligand triphenylphosphine was used (entry 2). After further evaluation 
of a variety of chiral ligands, it was deduced that an electron-rich ligand was essential for 
high reactivity in this process (entries 3,4 versus entries 5-8). While the conversion could 
be improved by increasing the catalyst loading (entry 9), it was unfortunate that only one 
of the chiral ligands, (R,R)-2.24, gave promising enantioselectivity. Importantly, in the 
subsequent preparation and evaluation of N-acetyl and N-benzoyl analogs of 2.17, we 
noticed that these imines were extremely sensitive to moisture, and the impurities in them 
could cause irreproducible results.  
84 
 
Table 2.1 Ligand Effect of Pt-Catalyzed Diboration of N-Pivaloyl Imine 2.17
a
 
 
entry ligand conversion (%) yield (%) e.r. 
1 PCy3 100 71 - 
2 PPh3 58 47 - 
3 (+)-NMDPP 100 74 54:46 
4 (R,R)-2.22 100 76 62:38 
5 (R)-MOP 22 19 54:46 
6 (R)-MonoPhos <2 - - 
7 (R,R)-2.23 7 5 61:39 
8 (R,R)-2.24 46 32 80:20 
9
b
 (R,R)-2.24 90 74 80:20 
a
 Conversions were determined by 
1
H NMR analysis. Yields refer to the isolated yields after silica gel 
chromatography. 
b
 5% Pt(dba)3 and 6% (R,R)-2.24 were employed. 
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2.3.2 Diboration of Imines with Different Protecting Groups 
To address this issue, imines with different protecting groups were prepared and 
investigated (Scheme 2.11). N-Phenyl imine 2.25 was found to be more reactive than 2.17, 
achieving >90% conversion with not only PCy3 but also more electron deficient 
(R)-MonoPhos. More interestingly, full conversion was observed with the combination of 
Ni(cod)2 and PCy3 or PPh3, which was not effective for 2.17. Ni(cod)2/(R)-MonoPhos 
gave 37% conversion, and even the background reaction without ligand gave 15% 
conversion. While these observations were very exciting, we found that the 
corresponding product was not stable on silica gel chromatography, causing predominant 
formation of starting material, benzaldehyde and aniline. 
 
Scheme 2.11 Diboration of Imines with Different Protecting Groups 
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Considering that 2-pyridinyl group is capable of stabilizing -amino boronic 
ester,
28
 presumably by the coordination between the pyridyl nitrogen and boron atoms to 
form an “ate” complex, N-pyridinyl imine 2.26 was tested. However, low conversion and 
multiple products were observed under standard reaction conditions. We reasoned that the 
pyridinyl group could bind to platinum metal center and alter the structure of the active 
catalyst. Thus, imines 2.27 and 2.28 were prepared, bearing a methoxy or hydroxyl group 
as a weaker coordinating element. These substrates showed superb reactivity (full 
conversion in 2 hours), however, complete decomposition of the products indicated that 
there was no stabilization effect. One theory is that the electron-rich nitrogen can donate 
electron density to boron atom strongly in an intramolecular fashion and assist the 
protodeboronation,
31
 though this cannot explain the formation of the starting material. 
Inspired by Ellman’s work,19 we anticipated that imines bearing an 
electron-withdrawing protecting group such as p-toluenesulfonyl group might generate a 
stable -amino boronic ester. Indeed, the diboration product of 2.29 (100% conversion) 
survived after a rapid silica gel chromatography, albeit in only 50% yield. Similar yields 
(52-61%) were also observed in Ellman’s diboration of aromatic N-sulfinyl imines. 
Recently, diboration of N-tosyl imines was disclosed by Fernández and co-workers.
27
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 Laplante, C.; Hall, D. G. Org. Lett. 2001, 3, 1487. 
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However, we considered the tosyl group as non-ideal for further synthetic applications 
due to the requirement of generally harsh deprotection conditions.
32
  
Finally, Boc-protected imine 2.30 was tested. The Boc group has been utilized 
extensively in organic synthesis and its mild deprotection conditions could be beneficial 
to further manipulation of the -amino boronic ester. Imine 2.30 underwent diboration 
smoothly but again the product was labile on silica gel, leading to irreproducible yields. 
2.3.3 N-Silyl Imine Diboration/Acylation Strategy and Ligand Optimization 
Based on previous experiments, we learned that an amide moiety was obligatory 
to stabilize the -amino boronic ester. Meanwhile, there was the observation that 
electron-rich imines exhibited higher reactivity. We envisioned that the stable N-acyl 
amino boronic ester could be afforded by starting with diboration of an electron-rich 
imine, followed by a “protecting group swap”. The challenge is that amine protecting 
groups are in general difficult to remove, and the free amino boronic ester could 
decompose prior to the installation of the new protecting group. Thus, the initial 
protecting group must meet the criteria that (a) it renders the imine electron-rich and (b) it 
can be readily converted to acyl group under mild conditions. Inspired by the synthesis of 
Velcade® (see Scheme 2.3), we considered trimethylsilyl group, which satisfies these 
                                                 
 
32
 Wuts, P. G. M. Green’s Protective Groups in Organic Synthesis, 5th Edition; Wiley: Hoboken, NJ, 2014; 
Chapter 7. 
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criteria. After extensive experimentation, we succeeded in developing the 
diboration/acylation reaction of N-silyl imine in a one-pot fashion (Scheme 2.12). In the 
presence of 5% Pt(dba)3 and 6% PCy3, N-silyl imine 2.18 was converted to 2.31 cleanly 
with full conversion. After direct removal of toluene, an excess amount of pivaloyl 
chloride (4.0 equivalents) and chloroform were added, and the reaction mixture was 
heated to 50 °C for 4 hours. Upon aqueous workup, the desired product 2.19 was isolated 
in 70% yield. It is noteworthy that intermediate 2.31 was not very sensitive to air and 
moisture, and could be characterized by 
1
H-NMR spectroscopy.  
 
Scheme 2.12 One-pot Diboration/Acylation of N-Silyl Imine 2.18 
 
 
While it was determined later (vide infra) that milder conditions were still 
effective in both diboration and acylation, initial exploratory efforts were focused on the 
investigation of an enantioselective diboration with chiral ligands. We were delighted to 
find that N-silyl imine 2.18 gave much better results in terms of reactivity, and more 
importantly, enantioselectivity compared with N-pivaloyl imine 2.17. For instance, 
commercial available (R)-MonoPhos ligand gave 72% yield and 63:37 e.r. (previously no 
89 
 
reaction). The TADDOL-derived phosphonite ligand (R,R)-2.32 and phosphoramidite 
ligand (R,R)-2.24 achieved similar yield (80% vs 75%) and the same e.r. (91:9) at 60 °C. 
NMR studies showed that when 2.32 was used, it took only two hours to achieve full 
conversion, while more than 12 hours was required for reaction with 2.24. Thus, a 
collection of TADDOL-derived phosphonite ligands were surveyed in the Pt-catalyzed 
diboration of 2.18 (Table 2.2). 
 
Table 2.2 Optimization of TADDOL-PPh Ligand in Pt-catalyzed Diboration of 2.18 
 
entry ligand R R’ yield (%) er 
1 (R,R)-2.33 H Me 76 84:16 
2 (R,R)-2.34 F Me 64 83:17 
3 (R,R)-2.32 Me Me 80 91:9 
4 (R,R)-2.35 Et Me 79 90:10 
5 (R,R)-2.23 i-Pr Me 70 89:11 
6 (R,R)-2.36 Ph Me 71 73:27 
7 (R,R)-2.37 t-Bu Me 72 81:19 
8 (R,R)-2.32 Me Me 76
 a
 94:6
 
9 (R,R)-2.32 Me Me 73 (86)
 b
 96:4
 
10 (R,R)-2.38 Me Et 80
 a
 95:5
 
a
 This reaction was performed at room temperature for 14 hours. 
b
 This reaction was performed at 
4 °C for 7 days. The data in parentheses refers to conversion of the imine by 
1
H NMR. 
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Previous experimental data in alkene
15
 and diene
33
 diboration showed that 
substituents at meta positions on the aryl rings of TADDOL-PPh ligand backbone are 
most consequential to the enantioselectivity. As depicted in Table 2.2, relatively small 
changes in enantioselection were noticed when the methyl group of the ligand (entry 3, 
ligand 2.32) was replaced with either smaller (entries 1 and 2) or larger substituents 
(entries 4-7). Full conversion and improved e.r. were achieved when the diboration was 
performed at room temperature (entry 8). The reaction became sluggish when it was 
further cooled to 4 °C (performed in cold room), although the enantioselectivity was 
slightly improved (entry 9). Finally, a subtle enhancement in stereoselection was 
achieved by using the more encumbered dioxolane protecting group (entry 10, ligand 
(R,R)-2.38). 
2.3.4 One-pot Aminoborylation of Aldehyde and Substrate Scope 
With the optimal ligand for diboration in hand, more efforts were devoted to 
further improve the reaction with a number of modifications. Due to its inherent 
instability, N-silyl imine 2.18 was not stable on silica gel chromatography and was 
purified by distillation under high vacuum. This is not applicable to substrates with high 
                                                 
 
33
 (a) Burks, H. E.; Kliman, L. T.; Morken, J. P. J. Am. Chem. Soc. 2009, 131, 9134. (b) Hong, K.; Morken, 
J. P. J. Org. Chem. 2011, 76, 9102. (c) Kliman, L. T.; Mlynarski, S. N.; Ferris, G. E.; Morken, J. P. Angew. 
Chem., Int. Ed. 2012, 51, 521. 
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molecular weight. To render this methodology more practical, N-silyl imines need to be 
generated in situ, ideally without any transfer or solvent-swapping operation.  
In our first attempt, Pt(dba)3, ligand (R,R)-2.38 and B2(pin)2 were precomplexed 
in toluene at 80 °C for 20 minutes. The resulting solution was then added to a THF 
solution of in situ-generated N-silyl imine 2.18 derived from benzaldehyde and LiHMDS. 
After stirring for 14 hours at room temperature, incomplete conversion was observed, as 
well as unidentified byproducts. While it was known that THF was a suitable solvent for 
diboration, we reasoned that the slight excess of LiHMDS and/or the side product from 
the imine synthesis, LiOTMS, could react with the Pt-ligand complex. In order to remove 
these compounds while not disturbing the diboration, “quenching” reagents were 
considered: these must be mild and generate harmless products. We were delighted to 
find that TMSCl met these criteria by converting LiOTMS to less reactive LiCl and 
(TMS)2O.
30
 When 1.05 equivalents of TMSCl was added prior to the addition of the 
catalyst/B2(pin)2 solution, full conversion could again be achieved with almost identical 
yield and enantioselectivity.   
We also aspired to improve the efficiency of the acylation step. In the previous 
syntheses, an excess amount of PivCl and heating were required, and the reaction was 
sluggish. According to Matteson’s work, the addition of a carboxylic acid could 
accelerate the rate of acylation of bis(silyl) amines, significantly.
14a
 Indeed, when 1.0 
equivalents of pivalic acid was added with only 1.2 equivalents of PivCl, full conversion 
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of 2.31 was observed within 1 hour at ambient temperature. At first, it was suspected that 
pivalic anhydride was generated which might be more reactive. However, no rate 
acceleration was noticed when pivalic anhydride was added directly. Later, this 
hypothesis was further excluded by the control experiment using benzoic acid in place of 
pivalic acid. As depicted in Scheme 2.13, starting from diboron intermediate (R)-2.39, the 
combination of pivaloyl chloride and benzoic acid generated product N-pivaloyl (R)-2.40 
exclusively without any N-benzoyl (R)-2.41, which was confirmed by both 
1
H and 
19
F 
NMR spectroscopy. On the other hand, when benzoyl chloride and pivalic acid were 
employed, only (R)-2.41 was generated, indicating the acid anhydride was not the 
reactive species. This is important and exciting because it indicates that complex acyl 
groups could be introduced from a variety of acyl donors with simple carboxylic acid as 
the activator. For instance, reaction between (R)-2.39 and benzoyl fluoride afforded 
(R)-2.41 efficiently (Scheme 2.14). 
Scheme 2.13 
19
F NMR Study of Acylation Reaction 
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Scheme 2.14 Acylation Using Acid Fluoride as the Acyl Donor 
 
 
The following 
19
F NMR experiment showed that when 1.0 equivalents of pivalic 
acid was added to (R)-2.39 without pivaloyl chloride, two 
19
F resonances at 116.0 ppm 
and 109.3 ppm with nearly equal height were detected. Upon the addition of PivCl, the 
two resonances disappeared with similar rate and only one product resonance at 117.8 
ppm was observed. Based on these facts, we proposed that the carboxylic acid converted 
the diboron compound into less hindered and more reactive intermediates through 
protodeboronation and protodesilylation, thus enhancing the reaction rate of acylation.  
Finally, “deactivated” silica gel was utilized to ease column purification. -Amino 
boronic esters are relatively polar compounds with Rf values similar to pinacol, which 
was one of the side products and was difficult to separate. Even worse, a small portion of 
-amino boronic ester was always trapped on silica gel until very polar eluent was used, 
causing a loss of yield. Ellman and co-workers reported a protocol in their imine 
borylation paper
19
 using “deactivated” silica gel containing 35 wt% of water. While the 
“deactivation” significantly weakened the separation ability of silica gel, most of the 
94 
 
pinacol was trapped on the column, and the desired product could be isolated from other 
nonpolar side products easily.
34
 
With all improved conditions combined, we were capable of converting readily 
available aldehydes to enantiomerically enriched -amino boronic esters in a one-pot 
fashion, without isolation of any intermediates. As illustrated in Scheme 2.15, this 
methodology applied to a wide range of aromatic aldehydes with good yield and 
excellent enantioselectivity. Electronic effects were hardly noticed as both electron-rich 
and electron-poor substrates performed similarly. It is noteworthy that products bearing 
electron-withdrawing groups were in general vulnerable to protodeboronation under basic 
conditions, since partial negative charge built up at the -position could be stabilized by 
the electron deficient aryl group. While 2.42 and 2.43 were stable during work-up with 2 
M K2CO3 aqueous solution, 2.44 must be quenched with water and 2.45 was purified 
directly and rapidly by silica gel chromatography. While meta-substituted aryl aldehydes 
achieved slightly higher selectivity (2.48 and 2.49), ortho-substituted substrate reacted in 
a near-racemic fashion (53:47 e.r.) in 55% yield (2.47). Although the yield was improved 
to 82% by employing purified N-silyl imine, the e.r. was not enhanced significantly 
(57:43 e.r.). The reaction showed good tolerance to a variety of functional groups. 
Importantly, fused-ring and hetero-aryl substrates also underwent aminoborylation 
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 There were a few exceptions that deactivated silica gel caused decomposition of the products (see 
supporting information). 
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smoothly under standard conditions. Their corresponding -amino boronic acid 
derivatives might serve as potential therapeutic candidates in medicinal chemistry.  
 
Scheme 2.15 Substrate Scope of Catalytic One-pot Aminoborylation of Aldehydes 
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Unfortunately aliphatic aldehydes were not suitable substrates. Although it has 
been reported that aliphatic N-silyl imines could be generated at low temperature (78 °C) 
with LiHMDS,
35
 isomerization to the corresponding enamine occurs when the reaction 
was warmed up. To date, only 20% yield on average (not reproducible) has been achieved 
for aliphatic aldehydes when PCy3 was employed at 80 °C. No product was observed 
when using TADDOL-derived phosphonite ligand. 
The limitations of the imine diboration reaction was also evaluated by lowering 
the catalyst loading to 1% Pt(dba)3 and 1.2% ligand on a large scale (Scheme 2.16). 
Under standard conditions, less than 50% conversion was achieved with a small amount 
of unidentified compounds, and 40% desired product was isolated (eq. 1). We reasoned 
that a trace amount of impurity from the imine synthesis could affect the catalyst, thus 
purified imine 2.55 would give better results with higher concentration and extended 
reaction time (eq. 2). Indeed, clean reaction with >95% conversion and the same level of 
enantioselectivity was detected, albeit in lower yield, which was attributed to longer 
purification time required on silica gel chromatography on a large scale (2.5 mmol versus 
0.5 mmol).
36
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 Chen, M. Z.; Micalizio, G. C. J. Am. Chem. Soc. 2012, 134, 1352. 
36
 It was confirmed that -amino boronic ester slowly decomposed on silica gel chromatography. Recovery 
was tested by subjecting a pure -amino boronic ester to silica gel column again, which typically took 
20-30 minutes, and the recovered yield for 2.40 was 80-85%. Longer purification time resulted in lower 
yield. 
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Scheme 2.16 Diboration/Acylation with Lower Catalyst Loading On a Large Scale 
 
 
2.3.5 Direct Introduction of Peptidic Groups during Acylation 
As mentioned above, one attractive feature of this diboration/acylation strategy is 
that complex acyl groups could be introduced directly with a simple carboxylic acid as 
the activator (Scheme 2.14). In previous syntheses of peptidic amino boronic esters such 
as Velcade®, the installation of peptidic groups always required TBTU-mediated 
coupling between carboxylic acid and amino boronic ester salt 2.9 (Scheme 2.17).
3,21
  
 
Scheme 2.17 Acylation Reaction Using Carboxylic Acid and Coupling Reagent 
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In our approach, peptidic acid fluoride 2.56 was utilized, featuring a TBTU-free 
acylation (Scheme 2.18). 2.56 was easily accessible from the corresponding carboxylic 
acid and was configurationally stable at the -position.37 It reacted with the diboron 
intermediate 2.39 (generated from imine 2.55) at ambient temperature in the presence of 
pivalic acid as the activator. Importantly, both diastereomers of amino boronic ester (2.57 
and 2.58) were accessible by using the corresponding enantiomer of the chiral ligand. 
While 
1
H, 
13
C and 
19
F NMR spectra showed superficial similarities, dramatic difference 
in solubility between 2.57 and 2.58 was observed. As illustrated by equation 1 in Scheme 
2.18, during the acylation the reaction mixture turned cloudy after 5 minutes and full 
conversion was achieved within 30 minutes. Removal of THF and most of toluene 
resulted in a slurry which could be directly filtered to afford the desired product as a 
shining white solid in good yield. When the opposite enantiomer of the chiral ligand 
(S,S)-2.38 was employed (equation 2), no precipitate was observed even after full 
conversion. The product had to be purified by rapid silica gel chromatography to afford 
an amorphous solid in moderate yield.  
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 Carpino, L. A.; Mansour, E.-S. M. E.; Sadat-Aalaee, D. J. Org. Chem. 1991, 56, 2611. 
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Scheme 2.18 Direct Acylation Using Peptidic Acid Fluoride 
 
 
2.3.6 Synthetic Utilities of N-Acyl -Amino Boronic Esters and Rationale of Their 
Unique Stability 
As alluded to above, -amino boronic esters could be utilized as important 
intermediates in asymmetric synthesis. As depicted in Scheme 2.19, combination of 
one-pot aminoborylation and Suginome’s stereospecific cross coupling methodology13 
allowed a rapid access to enantiomerically enriched benzhydryl amines such as (S)-2.59. 
As illustrated by transition state TS1, complete inversion of stereochemistry was 
attributed to backside attack of the palladium complex on the benzylic carbon center due 
to strong intramolecular coordination of the carbonyl group to the boron atom. This type 
of coordination was also observed in pure racemic 2.42 by X-ray crystallography 
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(B(1)-O(1), Figure 2.2).
38
 We reasoned that the formation of five-membered ring “ate” 
complex could stabilize -amino boronic ester under neutral conditions. However, 
experiments also suggested that under basic conditions, deprotonation on nitrogen atom 
would lead to stronger coordination which promoted the cleavage of the C-B bond, thus 
enhancing transmetallation. If an electrophilic palladium complex was not available, 
protodeboronation product was observed. X-ray structures of N-acyl -amino boronic 
esters bearing different 1,2-diols have also been documented.
39
 
 
Scheme 2.19 Stereospecific Suzuki-Miyaura Cross Coupling 
 
                                                 
 
38
 Observations suggested that there was interaction between two enantiomers of -amino boronic esters, 
which was not obvious in X-ray crystallography: (1) it was much easier to grow a single crystal from 
racemic products; and (2) during silica gel chromatography, the earlier fractions had higher e.r., 
sometimes >99:1. 
39
 (a) Matteson, D. S.; Michnick, T. J.; Willett, R. D.; Patterson, C. D. Organometallics 1989, 8, 726. (b) 
Inglis, S. R.; Woon, E. C. Y.; Thompson, A. L; Schofield, C. J. J. Org. Chem. 2010, 75, 468. 
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Figure 2.2 X-Ray Structure of Racemic N-Acyl -Amino Boronic Ester 2.42 
 
 
Lastly, to develop a synthesis route to -amino boronic acids, reactions that 
remove the pinacol group were examined. One example converting -amino boronic 
ester to the corresponding boronic acid was described in Scheme 2.20. Although milder 
conditions including HCl workup
40
 and boronic acid exchange
41
 have been reported for 
peptidic amino boronic esters, sluggish reaction and incomplete conversion were 
observed for (R)-2.40, presumably due to the stronger B-O coordination in this substrate. 
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 Morandi, F.; Caselli, E.; Morandi, S.; Focia, P. J.; Blázquez, J.; Shoichet, B. K.; Prati, F. J. Am. Chem. 
Soc. 2003, 125, 685. 
41
 Eidam, O.; Romagnoli, C.; Caselli, E.; Babaoglu, K.; Pohlhaus, D. T.; Karpiak, J.; Bonnet, R.; Shoichet, 
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The method developed by Santos and co-workers using diethanolamine followed by HCl 
workup
42
 was also investigated with very clean transformation, albeit in only 36% 
conversion after 30 hours. Finally, transesterification with BCl3 was applied to afford 
boronic acid (R)-2.60 in moderate yield. 
 
Scheme 2.20 Deprotection of -Amino Boronic Ester to Boronic Acid 
 
 
2.4 Conclusion 
The first enantioselective Pt-catalyzed diboration of N-silyl imines was developed 
with high enantioselectivity. The direct acylation of the bis(boryl) intermediate delivered 
stable N-acyl -amino boronic esters. In addition, unpurified imines could be used such 
that direct conversion of aldehydes to -amino boronic esters could be accomplished in a 
one-pot fashion. Another attractive feature was that during the acylation complex peptidic 
acyl groups could be introduced directly. Furthermore, -amino boronic esters could be 
utilized in rapid synthesis of enantiomerically enriched benzhydryl amines. 
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2.5 Experimental Section 
2.5.1 General Information 
1
H NMR spectra were recorded on either a Varian Gemini-500 (500 MHz), or a 
Varian Inova-500 (500 MHz) spectrometer. Chemical shifts are reported in ppm with the 
solvent resonance as the internal standard (CDCl3: 7.26 ppm). Data are reported as 
follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t = triplet, q = 
quartet, br = broad, m = multiplet), and coupling constants (Hz). 
13
C NMR spectra were 
recorded on either a Varian Gemini-500 (125 MHz), or a Varian Inova-500 (125 MHz) 
spectrometer with complete proton decoupling. Chemical shifts are reported in ppm with 
the solvent resonance as the internal standard (CDCl3: 77.0 ppm). 
19
F NMR were 
recorded on a Varian Gemini-500 (470 MHz) spectrometer.  
31
P NMR were recorded on 
a Varian Gemini-500 (202 MHz) spectrometer. Infrared (IR) spectra were recorded on a 
Bruker alpha-P Spectrometer. Frequencies are reported in wavenumbers (cm
-1
) as follows: 
strong (s), broad (br), medium (m), and weak (w). High-resolution mass spectrometry 
(ESI+) was performed at the Mass Spectrometry Facility, Boston College, Chestnut Hill, 
MA. 
Liquid chromatography was performed using forced flow (flash chromatography) 
on silica gel (SiO2, 230 x 450 Mesh) purchased from Silicycle. The deactivated silica gel 
(35 wt% H2O) was prepared by mixing silica gel and deionized water (65:35 by weight), 
followed by vigorous shaking and stirring. After the mixture turned to a fluffy powder, it 
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was allowed to sit overnight prior to use. Thin layer chromatography (TLC) was 
performed on 25 μm silica gel glass backed plates from Silicycle. Visualization was 
performed using ultraviolet light (254 nm) and phosphomolybdic acid (PMA) in ethanol. 
Analytical chiral supercritical fluid chromatography (SFC) was performed on a 
TharSFC Method Station II equipped with Waters 2998 Photodiode Array Detector. 
Optical rotations were measured on a ATAGO AP-300 Polarimeter. 
All reactions were conducted in oven- or flame-dried glassware under an inert 
atmosphere of nitrogen or argon. Tetrahydrofuran (THF), diethyl ether, dichloromethane 
and toluene were purified using Pure Solv MD-4 solvent purification system, from 
Innovative Technology, Inc., by passing the solvent through two activated alumina 
columns after being purged with argon. Potassium tetrachloroplatinate(II) was purchased 
from Acros Organics. Dibenzylideneacetone was purchased from Oakwood Chemicals. 
Sodium acetate was purchased from Fisher Scientific. Bis(pinacolato)diboron was 
generously donated by Allychem Co., Ltd. and was recrystallized from pentane prior to 
use. Dichlorophenylphosphine and tricyclohexylphosphine were purchased from Strem 
Chemicals, Inc. and used without further purification. Triethylamine was purchased from 
Alfa Aesar and distilled over calcium hydride prior to use. Benzaldehyde, o-tolualdehyde , 
m-tolualdehyde, p-anisaldehyde, m-anisaldehyde and chlorotrimethylsilane (TMSCl) 
were purchased from Aldrich and distilled over calcium hydride prior to use. Lithium 
bis(trimethylsilyl)amide (LiHMDS) was purchased from Aldrich and used without further 
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purification. N-(tert-Butoxycarbonyl)-L-phenylalanine (Boc-Phe-OH) was purchased 
from Advanced ChemTech and used without further purification. All other reagents were 
purchased from either Aldrich, Alfa Aesar or Acros and used without further purification. 
2.5.2 Preparation of Pt(dba)3 
Tris(dibenzylideneacetone)platinum was prepared using the literature procedure
43
 
with slight modification. To a three-neck 500 mL round-bottomed flask equipped with a 
magnetic stir bar and reflux condenser was added dibenzylideneacetone (3.95 g, 16.9 
mmol), tetrabutylammonium chloride (2.01 g, 7.23 mmol), and sodium acetate (3.56 g, 
43.4 mmol). Methanol (210 mL) was added and the solution was heated to 70 °C in an oil 
bath until the solids dissolved (about 5 minutes). To a 50 mL pear-shaped flask was added 
potassium tetrachloroplatinate (1.00 g, 2.41 mmol). The salt was dissolved in water (8.0 
mL) with mild heating. The potassium tetrachloroplatinate solution was transferred to the 
three-neck flask and the reaction was allowed to stir at 70 °C for 3 h. After 3 h, the 
reaction was cooled to ambient temperature, transferred to a 500 mL round-bottomed 
flask and concentrated under reduced pressure to half the volume. The reaction mixture 
was filtered on a Büchner funnel; solids were washed with copious amounts of water and 
methanol until all yellow dibenzylideneacetone crystals were removed. The platinum 
catalyst was placed under high vacuum for 24 h to remove residual methanol and water. 
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Tris(dibenzylideneacetone)platinum was obtained as a dark brown solid (1.13 g, 52% 
yield).  
2.5.3 Ligand Synthesis 
 
 
Preparation of diethyl ketal meta-xylyl-TADDOL 
Diethyl ketal meta-xylyl-TADDOL was prepared according to the literature 
procedure
44
 with slight modification. To a flame dried 25 mL 2-neck round-bottom flask 
equipped with a magnetic stir bar and reflux condenser was added freshly crushed 
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 Sieber, J. D.; Morken, J. P. J. Am. Chem. Soc. 2008, 130, 4978. 
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magnesium turnings (243 mg, 10.0 mmol) under N2. The apparatus was flame-dried three 
times, a single crystal of I2 was added and the reaction mixture was diluted with THF (15 
mL). 1-Bromo-3,5-dimethylbenzene (1.63 mL, 12.0 mmol) was slowly added to the 
magnesium mixture at room temperature via syringe. The reaction was allowed to reflux 
at 80 °C in an oil bath for 2 h, at which time the reaction was cooled to 0 °C, and a 
solution of (4R,5R)-dimethyl 2,2-diethyl-1,3-dioxolane-4,5-dicarboxylate (493 mg, 2.00 
mmol) in tetrahydrofuran (5 mL) was added slowly via syringe. The reaction was allowed 
to reflux for 12 h, after which it was cooled to 0 °C and quenched with NH4Cl (10 mL, 
sat. aq.). The organic and aqueous layers were separated and the aqueous layer was 
extracted with ethyl acetate (3 x 20 mL). The combined organics were dried over Na2SO4, 
filtered, and concentrated in vacuo. The crude material was purified by silica gel 
chromatography (hexanes:ethyl acetate = 15:1  10:1) to afford the title compound as a 
white solid (1.07 g, 88% yield). 
 
((4R,5R)-2,2-diethyl-1,3-dioxolane-4,5-diyl)bis(bis(3,5-di
methylphenyl)methanol). 
1
H NMR (500 MHz, CDCl3): δ 
7.13 (4H, s), 6.96 (4H, s), 6.92 (2H, s), 6.87 (2H, s), 4.37 (2H, 
s), 4.04 (2H, s), 2.30 (12H, s), 2.24 (12H, s), 1.40-1.29 (4H, 
m), 0.73 (6H, t, J = 7.5 Hz); 
13
C NMR (125 MHz, CDCl3): δ 
146.3, 142.6, 137.3, 136.2, 129.1, 128.6, 126.3, 125.4, 112.0, 80.6, 78.0, 29.6, 21.5, 8.2; 
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IR (neat): 3306.3 (br s), 2916.9 (w), 1601.8 (m), 1459.5 (m), 1170.5 (m), 1058.0 (m), 
1036.6 (m), 940.9 (m), 851.1 (s), 754.1 (s) cm
-1
; HRMS-(ESI+) for C41H47O2 
[M+HH2O]: calculated: 571.3576, found: 571.3594; [α]
 24
 D: 97.73 (c = 0.92, CHCl3, l 
= 10 mm). 
 
Procedure for Preparation of diethyl ketal meta-xylyl-TADDOL-PPh (R,R)-2.38 
To a flame-dried 25 mL round-bottom flask equipped with a magnetic star bar 
was added meta-xylyl-TADDOL (520 mg, 0.856 mmol) and THF (8.6 mL, 0.1 M) under 
N2. Triethylamine (418 L, 3.00 mmol) was added via syringe and the reaction mixture 
was cooled to 0 °C in an ice bath. Dichlorophenylphosphine (128 L, 0.942 mmol) was 
added dropwise via syringe at 0 °C and the reaction was brought to room temperature and 
allowed to stir for 2 h. The reaction was diluted with Et2O, filtered through celite and 
concentrated in vacuo. The crude material was purified by rapid silica gel 
chromatography (hexanes: ethyl acetate = 20:1) to afford the title compound as a white 
solid (540 mg, 88% yield). 
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(3aR,8aR)-4,4,8,8-tetrakis(3,5-dimethylphenyl)-2,2-diethyl
-6-phenyltetrahydro-[1,3]dioxolo[4,5-e][1,3,2]dioxaphosp
hepine ((R,R)-2.38). 
1
H NMR (500 MHz, CDCl3): δ 
7.83-7.80 (2H, m), 7.48-7.45 (5H, m), 7.22 (2H, s), 7.12 (2H, 
s), 7.03 (2H, s), 6.88 (2H, s), 6.84 (1H, s), 6.81 (1H, s), 5.42 
(1H, dd, J = 8.8, 4.4 Hz), 4.78 (1H, d, J = 8.4 Hz), 2.28 (6H, s), 2.27 (6H, s), 2.26 (6H, s), 
2.24 (6H, s), 1.80-1.73 (1H, m), 1.72-1.65 (1H, m), 0.88 (3H, t, J = 7.5 Hz), 0.74-0.69 
(1H, m), 0.37-0.33 (4H, m); 
13
C NMR (100 MHz, CDCl3): δ 146.8, 146.56, 146.53, 141.9, 
141.7, 141.6, 141.5, 141.4, 137.1, 136.67, 136.64, 136.1, 130.3, 130.0, 129.8, 129.1, 
128.9, 128.7, 128.6, 128.3, 128.2, 127.2, 126.7, 126.5, 125.4, 125.1, 115.0, 83.4, 83.3, 
83.10, 83.07, 82.78, 82.76, 82.3, 82.1, 29.7, 27.9, 21.62, 21.60, 21.56, 21.55, 8.6, 8.5; 
31
P 
NMR (202MHz, CDCl3): δ 156.2; IR (neat): 2916.6 (w), 1600.6 (w), 1459.4 (w), 1164.4 
(m), 1086.2 (w), 1043.6 (s), 941.2 (s), 866.3 (m), 811.5 (s), 753.9 (s), 691.2 (m) cm
-1
; 
HRMS-(ESI+) for C47H54O4P [M+H]: calculated: 713.3760, found: 713.3733; [α]
 24
 D: 
106.93 (c = 0.84, CHCl3, l = 10 mm). 
 
2.5.4 Preparation of N-Trimethylsilyl Imines 
(E)-N-benzylidene-1,1,1-trimethylsilanamine (2.18) , (E)-N-(4-fluorobenzylidene)- 
1,1,1-trimethylsilanamine (2.55), and (E)-N-(2-methylbenzylidene)-1,1,1-trimethyl- 
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silanamine were prepared according to the literature procedure.
45
 The 
1
H NMR spectra 
were in accord with previously reported data.
46
 
 
2.5.5 Representative Procedure for N-Silyl Imine Diboration/Acylation (Table 2.2) 
In the glove box, an oven-dried 2-dram vial with magnetic stir bar was charged 
with Pt(dba)3 (9.0 mg, 10 mol), (R,R)-TADDOL-derived phosphonite ligand (R,R)-2.32 
(8.2 mg, 12 mol), B2(pin)2 (55.9 mg, 0.22 mmol) and toluene (1.0 mL). The vial was 
sealed with a polypropylene cap, removed from the glove box, and heated to 80 °C in an 
oil bath for 20 min. The vial was cooled to room temperature, returned to the glove box 
and charged with (E)-N-benzylidene-1,1,1-trimethylsilanamine (2.18) (35.5 mg, 0.20 
mmol). The vial was sealed, removed from the glove box, and stirred at 60 °C for 14 h. 
Upon completion, the mixture was concentrated in vacuo, then charged with chloroform 
(1.0 mL), and pivaloyl chloride (99.0 L, 0.80 mmol). The reaction was allowed to stir at 
50 °C for 4 h, at which time the vial was cooled to 0 °C in an ice/water bath and 
quenched by the addition of 2 M K2CO3 aqueous solution (3.0 mL). The aqueous and 
organic layers were separated and the aqueous layer was extracted with ethyl acetate (3×
15 mL). The organic layers were combined and dried over Na2SO4, filtered, and the 
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volatiles were removed in vacuo. The crude reaction mixture was purified on regular 
silica gel (hexanes: diethyl ether = 50:50 to 100% diethyl ether) to afford a white solid 
(50.5 mg, 80% yield).  
 
2.5.6 Representative Procedure for N-Silyl Imine Synthesis/Diboration/Acylation 
(Scheme 2.15) 
Method A (When the aldehyde is an oil at room temperature): 
In the glove box, an oven-dried 4-dram vial with magnetic stir bar was charged 
with LiHMDS (87.8 mg, 0.525 mmol) and THF (0.83 mL). The vial was sealed with a 
polypropylene open-top cap with PTFE/silicone septum, removed from the glove box, 
and cooled to 0 °C in an ice/water bath. Benzaldehyde (50.8 L, 0.50 mmol) was added 
via syringe and the mixture was allowed to stir at 0 °C for 5 minutes, then warmed to 
room temperature for 30 minutes. Upon completion, the reaction mixture was cooled to 
0 °C, and TMSCl (66.6 L, 0.525 mmol) was added via syringe, and the reaction was 
allowed to stir at room temperature for 60 minutes. 
Meanwhile, in the glove box, an oven-dried 2-dram vial with magnetic stir bar 
was charged with Pt(dba)3 (22.4 mg, 25.0 mol), (R,R)-TADDOL-derived phosphonite 
ligand (R,R)-2.38 (21.4 mg, 30.0 mol), B2(pin)2 (152.4 mg, 0.60 mmol) and toluene 
(1.67 mL). The vial was sealed with a polypropylene open-top cap with PTFE/silicone 
septum, removed from the glove box, and heated to 80 °C in an oil bath for 20 min. 
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When the imine synthesis was complete, the catalyst/B2(pin)2 solution was transferred to 
the imine solution via cannula without additional solvent. The mixture was allowed to stir 
at room temperature for 14 hours. Upon completion, the mixture was charged with THF 
(2.5 mL), pivaloyl chloride (73.8 L, 0.60 mmol) and pivalic acid (51.1 mg, 0.50 mmol). 
The reaction was allowed to stir for 1 hour at which time the vial was cooled to 0 °C in 
an ice/water bath and quenched by the addition of 2 M K2CO3 aqueous solution (3.0 mL). 
The aqueous and organic layers were separated and the aqueous layer was extracted with 
ethyl acetate (3×15 mL). The organic layers were combined and dried over Na2SO4, 
filtered, and the volatiles were removed in vacuo. The crude reaction mixture was 
purified on deactivated silica gel (hexanes: ethyl acetate = 85:15  75:25) to afford a 
white solid. A small amount of pinacol and pinacol-derived impurity were often observed 
with the desired product, and they were removed by drying the product under high 
vacuum at 80 
o
C in oil bath for 30 minutes. Finally 128.4 mg of pure desired product 2.19 
was afforded (81% yield). 
 
Method B (When the aldehyde is a solid at room temperature): 
In the glove box, an oven-dried 4-dram vial with magnetic stir bar was charged 
with LiHMDS (87.8 mg, 0.525 mmol) and THF (0.83 mL). The vial was sealed with a 
polypropylene open-top cap with PTFE/silicone septum, and cooled to 35 oC in the 
glove box freezer. 4-Chlorobenzaldehyde (70.3 mg, 0.50 mmol) was added in one portion, 
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and the mixture was kept at 35 oC for 5 minutes, then warmed to room temperature and 
stirred for 30 minutes. Upon completion, the vial was removed from the glove box, and 
cooled to 0 °C in an ice/water bath. TMSCl (66.6 L, 0.525 mmol) was added via syringe, 
and the reaction was allowed to stir at room temperature for 60 minutes. 
Meanwhile, in the glove box, an oven-dried 2-dram vial with magnetic stir bar 
was charged with Pt(dba)3 (22.4 mg, 25.0 mol), (R,R)-TADDOL-derived phosphonite 
ligand (R,R)-2.38 (21.4 mg, 30.0 mol), B2(pin)2 (152.4 mg, 0.60 mmol) and toluene 
(1.67 mL). The vial was sealed with a polypropylene open-top cap with PTFE/silicone 
septum, removed from the glove box, and heated to 80 °C in an oil bath for 20 min. 
When the imine synthesis was complete, the catalyst/B2(pin)2 solution was transferred to 
the imine solution via cannula without additional solvent. The mixture was allowed to stir 
at room temperature for 14 hours. Upon completion, the mixture was charged with THF 
(2.5 mL), pivaloyl chloride (73.8 L, 0.60 mmol) and pivalic acid (51.1 mg, 0.50 mmol). 
The reaction was allowed to stir for 1 hour at which time the vial was cooled to 0 °C in 
an ice/water bath and quenched by the addition of 2 M K2CO3 aqueous solution (3.0 mL). 
The aqueous and organic layers were separated and the aqueous layer was extracted with 
ethyl acetate (3×15 mL). The organic layers were combined and dried over Na2SO4, 
filtered, and the volatiles were removed in vacuo. The crude reaction mixture was 
purified on deactivated silica gel (hexanes: ethyl acetate = 85:15  60:40, stain in PMA) 
to afford a white solid. A small amount of pinacol and pinacol-derived impurity were 
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often observed with the desired product, and they were removed by drying the product 
under high vacuum at 80 
o
C in oil bath for 30 minutes. Finally 153.0 mg of pure desired 
product 2.42 was afforded (87% yield). 
 
2.5.7 Full Characterization of Reaction Products and Proof of Stereochemistry 
(Scheme 2.15) 
(R)-N-(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)me
thyl)pivalamide (2.19). Rf = 0.18 in 50:50 hexanes/ethyl acetate 
on TLC. 
1
H NMR (500 MHz, CDCl3): δ 7.29-7.26 (2H, m), 
7.18-7.14 (1H, m), 7.13-7.11 (2H, m), 6.85 (1H, br s), 3.79 (1H, 
s), 1.33 (9H, s), 1.11 (6H, s), 1.00 (6H, s); 
13
C NMR (125 MHz, CDCl3): δ 185.0, 141.1, 
128.1, 126.4, 125.7, 80.4, 35.7, 26.9, 24.9, 24.6; IR (neat): 2971.3 (m), 1572.2 (m), 
1365.0 (w), 1142.8 (s), 1108.5 (m), 1024.4 (m), 972.0 (w), 756.6 (m), 698.4 (w) cm
-1
; 
HRMS-(ESI+) for C18H29B1N1O3 [M+H]: calculated: 318.2241, found: 318.2251; [α]
23
D: 
77.97 (c = 0.64, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
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ligand in the diboration reaction. The absolute stereochemistry was assigned by 
comparing the optical rotation with reported value in the literature.
13b
 
 
Chiral SFC (OD-H, Chiraldex, 5 mL/min, 3% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
 
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-N-((4-fluorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxabor
olan-2-yl)methyl)pivalamide (2.40). The reaction was 
performed according to Representative Procedure (Method A) 
with 4-fluorobenzaldehyde (53.6 L, 0.50 mmol). The crude 
reaction mixture was purified by column chromatography on deactivated SiO2 (85:15 
70:30 hexanes/ethyl acetate, stain in PMA) to afford a pale yellow solid (138.9 mg, 83%). 
Rf = 0.18 in 40:60 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 
7.10-7.06 (2H, m), 6.98-6.94 (2H, m), 6.82 (1H, br s), 3.76 (1H, s), 1.32 (9H, s), 1.11 (6H, 
s), 1.00 (6H, s); 
13
C NMR (125 MHz, CDCl3): δ 185.1, 161.2 (d, 
1
JCF = 242.9 Hz), 136.7 
(d, 
4
JCF = 3.0 Hz), 127.9 (d, 
3
JCF = 7.5 Hz), 114.8 (d, 
2
JCF = 21.1 Hz), 80.4, 35.7, 26.9, 
24.9, 24.6; 
19
F NMR (470 MHz, CDCl3): δ 117.8 (m); IR (neat): 2972.1 (m), 1572.1 (m), 
1509.0 (s), 1365.0 (w), 1208.3 (w), 1142.4 (s), 1106.2 (s), 1023.3 (m), 971.9 (w), 832.3 
(m), 756.3 (m), 543.4 (w) cm
-1
; HRMS-(ESI+) for C18H28B1F1N1O3 [M+H]: calculated: 
336.2146, found: 336.2149; [α]23D: 57.09 (c = 0.70, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
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Chiral SFC (OD-H, Chiraldex, 5 mL/min, 3% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
 
 
(R)-N-((4-chlorophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxabo
rolan-2-yl)methyl)pivalamide (2.42). Rf = 0.22 in 40:60 
hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): 
δ 7.23 (2H, d, J = 8.6 Hz), 7.05 (2H, d, J = 8.3 Hz), 6.85 (1H, 
br s), 3.75 (1H, s), 1.32 (9H, s), 1.11 (6H, s), 1.00 (6H, s); 
13
C NMR (125 MHz, CDCl3): 
δ 185.3, 139.7, 131.3, 128.2, 127.7, 80.5, 35.7, 26.9, 24.9, 24.6; IR (neat): 2971.6 (m), 
1568.2 (m), 1491.2 (w), 1372.6 (w), 1207.4 (w), 1142.1 (s), 1109.4 (m), 1013.1 (w), 
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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971.9 (w), 827.9 (w), 751.7 (w) cm
-1
; HRMS-(ESI+) for C18H28B1Cl1N1O3 [M+H]: 
calculated: 352.1851, found: 352.1847; [α]23D: 89.20 (c = 0.56, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
 
Chiral SFC (OD-H, Chiraldex, 5 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
  
 
 
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-N-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)(4-(t
rifluoromethyl)phenyl)methyl)pivalamide (2.43). The 
reaction was performed according to Representative 
Procedure (Method A) with 4-(trifluoromethyl) 
benzaldehyde (68.3 L, 0.50 mmol) with slight modification. Upon completion of the 
acylation, the reaction mixture was quenched by the addition of water (3.0 mL) instead of 
2 M K2CO3 aqueous solution, then followed by extraction. The crude reaction mixture 
was purified by column chromatography on deactivated SiO2 (80:20 60:40 
hexanes/ethyl acetate, stain in PMA) to afford a white solid (147.9 mg, 77%). Rf = 0.23 in 
30:70 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 7.52 (2H, d, J = 8.1 
Hz), 7.20 (2H, d, J = 8.3 Hz), 6.89 (1H, br s), 3.85 (1H, s), 1.35 (9H, s), 1.12 (6H, s), 
1.00 (6H, s); 
13
C NMR (125 MHz, CDCl3): δ 185.6, 145.6, 127.9 (q, 
2
JCF = 32.7 Hz), 
126.3, 125.0 (q, 
3
JCF = 3.8 Hz), 124.4 (q, 
1
JCF = 271.6 Hz), 80.6, 35.8, 26.9, 24.9, 24.6; 
19
F NMR (470 MHz, CDCl3): δ 62.3; IR (neat): 2973.6 (m), 1568.7 (m), 1366.3 (w), 
1326.3 (s), 1139.2 (s), 1112.2 (s), 1068.0 (m), 1016.6 (w), 972.0 (w), 837.6 (w) cm
-1
; 
HRMS-(ESI+) for C19H28B1F3N1O3 [M+H]: calculated: 386.2114, found: 386.2110; 
[α]23D: 81.00 (c = 0.37, CHCl3, l = 10 mm). 
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Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
 
Chiral SFC (OD-H, Chiraldex, 4 mL/min, 4% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
 
 
 
 
 
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-methyl 4-(pivalamido(4,4,5,5-tetramethyl-1,3,2-di 
oxaborolan-2-yl)methyl)benzoate (2.44). The reaction 
was performed according to Representative Procedure 
(Method B) with methyl 4-formylbenzoate (82.1 mg, 
0.50 mmol) with slight modification. Upon completion of the acylation, the reaction 
mixture was quenched by the addition of water (3.0 mL) instead of 2 M K2CO3 aqueous 
solution, then followed by extraction. The crude reaction mixture was purified by column 
chromatography on deactivated SiO2 (80:20 60:40 hexanes/ethyl acetate, stain in PMA) 
to afford a white solid (161.0 mg, 86%). Rf = 0.23 in 30:70 hexanes/ethyl acetate on TLC.  
1
H NMR (500 MHz, CDCl3): δ 7.95-7.92 (2H, m), 7.17-7.14 (2H, m), 6.93 (1H, br s), 
3.89 (3H, s), 3.85 (1H, s), 1.35 (9H, s), 1.11 (6H, s), 0.99 (6H, s); 
13
C NMR (125 MHz, 
CDCl3): δ 185.6, 167.3, 147.1, 129.5, 127.4, 125.9, 80.5, 51.9, 35.7, 26.9, 25.0, 24.7; IR 
(neat): 2972.3 (m), 1720.9 (s), 1567.9 (m), 1436.8 (w), 1366.3 (w), 1281.5 (s), 1179.7 
(m), 1139.8 (s), 1106.8 (s), 1018.0 (w), 972.1 (w), 753.3 (w) cm
-1
; HRMS-(ESI+) for 
C20H31B1N1O5 [M+H]: calculated: 376.2295, found: 376.2298; [α]
24
D: 97.46 (c = 0.41, 
CHCl3, l = 10 mm). 
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Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
 
Chiral SFC (OD-H, Chiraldex, 5 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
 
 
 
 
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-N-((4-cyanophenyl)(4,4,5,5-tetramethyl-1,3,2-dioxab
orolan-2-yl)methyl)pivalamide (2.45). The reaction was 
performed according to Representative Procedure (Method 
B) with 4-formylbenzonitrile (65.6 mg, 0.50 mmol) with 
slight modification. Upon completion of the acylation, the reaction mixture was not 
quenched and the solvents were removed in vacuo directly. The resulting crude reaction 
mixture was purified by column chromatography on deactivated SiO2 (75:25 60:40 
hexanes/ethyl acetate, stain in PMA) to afford a white solid (107.5 mg, 63%). Rf = 0.17 in 
30:70 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 7.50 (2H, d, J = 7.8 
Hz), 7.17 (2H, d, J = 7.8 Hz), 7.12 (1H, br s), 3.84 (1H, s), 1.35 (9H, s), 1.10 (6H, s), 
0.98 (6H, s); 
13
C NMR (125 MHz, CDCl3): δ 186.0, 147.6, 131.9, 126.6, 119.4, 108.9, 
80.6, 35.8, 26.9, 25.0, 24.7; IR (neat): 2972.6 (m), 2226.0 (w), 1578.3 (m), 1365.6 (w), 
1201.7 (m), 1137.5 (s), 1101.9 (m), 1028.0 (w), 971.5 (w), 835.8 (w), 754.4 (m), 590.2 
(w) cm
-1
; HRMS-(ESI+) for C19H28B1N2O3 [M+H]: calculated: 343.2193, found: 
343.2190; [α]23D: 88.15 (c = 0.34, CHCl3, l = 10 mm). 
  
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
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Chiral SFC (OD-H, Chiraldex, 4 mL/min, 4% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
  
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-N-((4-methoxyphenyl)(4,4,5,5-tetramethyl-1,3,2-dio
xaborolan-2-yl)methyl)pivalamide (2.46). The reaction 
was performed according to Representative Procedure 
(Method A) with p-anisaldehyde (60.8 L, 0.50 mmol). 
The crude reaction mixture was purified by column chromatography on deactivated SiO2 
(85:15 50:50 hexanes/ethyl acetate, stain in PMA) to afford a white solid (145.4 mg, 
84%). Rf = 0.29 in 30:70 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 
7.08-7.05 (2H, m), 6.84-6.81 (2H, m), 6.78 (1H, br s), 3.78 (3H, s), 3.73 (1H, s), 1.31 (9H, 
s), 1.11 (6H, s), 1.01 (6H, s); 
13
C NMR (125 MHz, CDCl3): δ 184.6, 157.8, 133.1, 127.9, 
113.6, 80.4, 55.2, 35.7, 26.9, 24.9, 24.6; IR (neat): 2969.6 (m), 1573.3 (m), 1511.5 (m), 
1243.8 (m), 1145.0 (s), 1110.9 (m), 1034.1 (m), 972.2 (w), 829.4 (w), 756.2 (w) cm
-1
; 
HRMS-(ESI+) for C19H31B1N1O4 [M+H]: calculated: 348.2346, found: 348.2349; [α]
22
D: 
95.70 (c = 0.73, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by 
comparing the optical rotation with reported value in the literature.
5
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Chiral SFC (OD-H, Chiraldex, 5 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
 
  
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-N-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)(o-tolyl)m
ethyl)pivalamide (2.47). The reaction was performed according 
to Representative Procedure for Imine Diboration/Acylation 
(Table 2.2) with (E)-N-(2-methylbenzylidene)-1,1,1-trimethyl 
silanamine (95.7 mg, 0.50 mmol). The crude reaction mixture was purified by column 
chromatography on deactivated SiO2 (90:10 70:30 hexanes/ethyl acetate, stain in PMA) 
to afford a white solid (135.9 mg, 82%). Rf = 0.33 in 40:60 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 7.16-7.10 (2H, m), 7.08-7.04 (2H, m), 6.71 (1H, br s), 
4.09 (1H, s), 2.36 (3H, s), 1.32 (9H, s), 1.11 (6H, s), 0.99 (6H, s); 
13
C NMR (125 MHz, 
CDCl3): δ 184.6, 139.2, 134.8, 130.0, 125.9, 125.7, 125.4, 80.4, 35.8, 26.9, 25.1, 24.8, 
20.0; IR (neat): 2969.4 (m), 1570.7 (w), 1364.0 (w), 1202.5 (m), 1146.4 (s), 1114.7 (m), 
1019.3 (w), 971.4 (w), 753.2 (m) cm
-1
; HRMS-(ESI+) for C19H31B1N1O3 [M+H]: 
calculated: 332.2397, found: 332.2413; [α]24D: 18.16 (c = 0.55, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
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Chiral SFC (OJ-H, Chiraldex, 3 mL/min, 2% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
  
  
racemic 
coinjection of reaction 
product and racemic 
reaction product 
129 
 
(R)-N-((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)(m-to
lyl)methyl)pivalamide (2.48). The reaction was performed 
according to Representative Procedure (Method A) with 
m-tolualdehyde (60.0 L, 0.50 mmol). The crude reaction 
mixture was purified by column chromatography on deactivated SiO2 (85:15 60:40 
hexanes/ethyl acetate, stain in PMA) to afford a white solid (145.5 mg, 88%). Rf = 0.28 in 
40:60 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 7.16 (1H, t, J = 7.6 
Hz), 6.97 (1H, d, J = 7.6 Hz), 6.93 (1H, s), 6.92 (1H, d, J = 7.6 Hz), 6.89 (1H, br s), 3.76 
(1H, s), 2.32 (3H, s), 1.33 (9H, s), 1.12 (6H, s), 1.01 (6H, s); 
13
C NMR (125 MHz, 
CDCl3): δ 184.9, 141.0, 137.4, 127.9, 127.0, 126.4, 123.6, 80.3, 35.6, 27.0, 24.9, 24.5, 
21.4; IR (neat): 2970.8 (m), 1575.2 (m), 1372.2 (w), 1143.4 (s), 1108.3 (s), 1023.4 (m), 
973.6 (w), 754.8 (m), 702.4 (w) cm
-1
; HRMS-(ESI+) for C19H31B1N1O3 [M+H]: 
calculated: 332.2397, found: 332.2396; [α]23D: 68.05 (c = 0.44, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
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Chiral SFC (OD-H, Chiraldex, 5 mL/min, 2% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
 
 
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-N-((3-methoxyphenyl)(4,4,5,5-tetramethyl-1,3,2-dio
xaborolan-2-yl)methyl)pivalamide (2.49). The reaction 
was performed according to Representative Procedure 
(Method A) with m-anisaldehyde (60.9 L, 0.50 mmol). 
The crude reaction mixture was purified by column chromatography on deactivated SiO2 
(80:20 60:40 hexanes/ethyl acetate, stain in PMA) to afford a white solid (130.7 mg, 
75%). Rf = 0.29 in 30:70 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 
7.19 (1H, t, J = 7.8 Hz), 6.84 (1H, br s), 6.71-6.69 (2H, m), 6.67 (1H, t, J = 2.1 Hz), 3.78 
(3H, s), 3.77 (1H, s), 1.33 (9H, s), 1.13 (6H, s), 1.04 (6H, s); 
13
C NMR (125 MHz, 
CDCl3): δ 184.9, 159.5, 142.8, 129.1, 118.5, 112.2, 111.0, 80.4, 55.2, 35.7, 26.9, 25.0, 
24.7; IR (neat): 2970.3 (m), 1573.0 (m), 1487.4 (w), 1372.3 (w), 1141.8 (s), 1107.1 (s), 
1023.6 (m), 975.1 (m), 754.9 (m), 661.8 (w) cm
-1
; HRMS-(ESI+) for C19H31B1N1O4 
[M+H]: calculated: 348.2346, found: 348.2356; [α]24D: 60.55 (c = 0.66, CHCl3, l = 10 
mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
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Chiral SFC (OD-H, Chiraldex, 5 mL/min, 6% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
 
 
 
 
 
 
 
 
 
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-N-(benzo[d][1,3]dioxol-5-yl(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)methyl)pivalamide (2.50). The reaction 
was performed according to Representative Procedure 
(Method B) with piperonal (75.1 mg, 0.50 mmol). The crude 
reaction mixture was purified by column chromatography on deactivated SiO2 (85:15 
50:50 hexanes/ethyl acetate, stain in PMA) to afford a white solid (142.6 mg, 79%). Rf = 
0.16 in 40:60 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 6.80 (1H, br 
s), 6.72 (1H, d, J = 7.8 Hz), 6.64 (1H, d, J = 1.7 Hz), 6.58 (1H, dd, J = 7.8, 1.7 Hz), 5.92 
(1H, d, J = 1.5 Hz), 5.91 (1H, d, J = 1.5 Hz), 3.71 (1H, s), 1.31 (9H, s), 1.13 (6H, s), 1.04 
(6H, s); 
13
C NMR (125 MHz, CDCl3): δ 184.7, 147.5, 145.6, 135.0, 119.4, 107.9, 107.3, 
100.7, 80.4, 35.7, 26.9, 25.0, 24.7; IR (neat): 2971.6 (m), 1575.0 (m), 1488.2 (m), 1441.9 
(w), 1364.7 (w), 1242.0 (w), 1202.4 (m), 1144.9 (s), 1105.1 (m), 1039.2 (m), 754.2 (w) 
cm
-1
; HRMS-(ESI+) for C19H29B1N1O5 [M+H]: calculated: 362.2139, found: 362.2122; 
[α]23D: 85.63 (c = 0.70, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
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Chiral SFC (OD-H, Chiraldex, 3 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-N-(naphthalen-2-yl(4,4,5,5-tetramethyl-1,3,2-dioxab
orolan-2-yl)methyl)pivalamide (2.51). The reaction was 
performed according to Representative Procedure (Method 
B) with 2-naphthaldehyde (78.1 mg, 0.50 mmol). The crude 
reaction mixture was purified by column chromatography on deactivated SiO2 (85:15 
70:30 hexanes/ethyl acetate, stain in PMA) to afford a white solid (160.6 mg, 87%). Rf = 
0.25 in 40:60 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 7.79 (1H, d, 
J = 7.8 Hz), 7.76 (2H, d, J = 8.8 Hz), 7.54 (1H, s), 7.45-7.39 (2H, m), 7.30 (1H, dd, J = 
8.6, 1.7 Hz), 6.91 (1H, br s), 3.96 (1H, s), 1.37 (9H, s), 1.12 (6H, s), 0.99 (6H, s); 
13
C 
NMR (125 MHz, CDCl3): δ 185.1, 138.8, 133.4, 132.1, 127.7, 127.6, 127.5, 125.8, 125.7, 
125.0, 124.0, 80.5, 35.8, 27.0, 25.0, 24.6; IR (neat): 2970.9 (m), 1571.2 (m), 1364.8 (w), 
1205.4 (m), 1141.3 (s), 1106.3 (m), 1022.8 (w), 751.4 (m), 642.6 (w) cm
-1
; HRMS-(ESI+) 
for C22H31B1N1O3 [M+H]: calculated: 368.2397, found: 368.2395; [α]
23
D: 117.41 (c = 
0.34, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by 
comparing the optical rotation with reported value in the literature.
5
 
136 
 
Chiral SFC (OD-H, Chiraldex, 5 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
  
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-tert-butyl 3-(pivalamido(4,4,5,5-tetramethyl-1,3,2-di- 
oxaboro lan-2-yl)methyl)-1H-indole-1-carboxylate (2.52). 
The reaction was performed according to Representative 
Procedure (Method B) with tert-butyl 
3-formyl-1H-indole-1-carboxylate
47
 (122.6 mg, 0.50 mmol). The crude reaction mixture 
was purified by column chromatography on deactivated SiO2 (90:10 70:30 
hexanes/ethyl acetate, stain in PMA) to afford a pale orange solid (196.3 mg, 83%). Rf = 
0.31 in 40:60 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 8.13 (1H, br 
s), 7.61 (1H, s), 7.55 (1H, d, J = 7.8 Hz), 7.30 (1H, t, J = 7.8 Hz), 7.22 (1H, t, J = 7.6 Hz), 
6.74 (1H, br s), 4.07 (1H, s), 1.65 (9H, s), 1.30 (9H, s), 1.17 (6H, s), 1.09 (6H, s); 
13
C 
NMR (125 MHz, CDCl3): δ 184.3, 149.8, 135.6, 130.2, 124.2, 122.4, 122.2, 119.8, 119.4, 
115.1, 83.2, 80.7, 35.8, 28.2, 26.9, 25.2, 25.0; IR (neat): 2972.9 (m), 1731.2 (s), 1575.5 
(w), 1453.8 (m), 1369.6 (s), 1144.6 (s), 1088.5 (m), 1020.8 (w), 747.2 (m) cm
-1
; 
HRMS-(ESI+) for C25H38B1N2O5 [M+H]: calculated: 457.2874, found: 457.2891; [α]
24
D: 
78.79 (c = 0.38, CHCl3, l = 10 mm). 
 
 
 
                                                 
 
47
 Camp, J. E.; Craig, D.; Funai, K.; White, A. J. P. Org. Biomol. Chem. 2011, 9, 7904. 
138 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
 
Chiral SFC (OD-H, Chiraldex, 3 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
  
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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(R)-tert-butyl 6-(pivalamido(4,4,5,5-tetramethyl-1,3,2- 
dioxaborolan-2-yl)methyl)-1H-indole-1-carboxylate 
(2.53). The reaction was performed according to 
Representative Procedure (Method B) with tert-butyl 
6-formyl-1H-indole-1- carboxylate (122.6 mg, 0.50 mmol). The crude reaction mixture 
was purified by column chromatography on deactivated SiO2 (90:10 70:30 
hexanes/ethyl acetate, stain in PMA) to afford a white solid (183.2 mg, 80%). Rf = 0.31 in 
50:50 hexanes/ethyl acetate on TLC. 
1
H NMR (500 MHz, CDCl3): δ 7.95 (1H, s), 7.50 
(1H, d, J = 3.4 Hz), 7.46 (1H, d, J = 7.8 Hz), 7.03 (1H, dd, J = 8.3, 1.6 Hz), 6.88 (1H, s), 
6.50 (1H, d, J = 3.4 Hz), 3.92 (1H, s), 1.65 (9H, s), 1.34 (9H, s), 1.13 (6H, s), 1.03 (6H, s); 
13
C NMR (125 MHz, CDCl3): δ 184.7, 149.7, 137.5, 135.4, 128.6, 125.2, 121.6, 120.5, 
113.1, 107.1, 83.3, 80.4, 35.7, 28.2, 26.9, 25.0, 24.7; IR (neat): 2971.5 (w), 1730.7 (m), 
1572.6 (w), 1438.0 (w), 1370.4 (w), 1340.5 (s), 1251.4 (w), 1140.6 (s), 1102.9 (s), 1022.9 
(m), 974.6 (w), 765.6 (w), 732.1 (w), 633.3 (w) cm
-1
; HRMS-(ESI+) for C25H37B1N2O5 
[M+H]: calculated: 457.2874, found: 457.2875; [α]24D: 67.43 (c = 0.74, CHCl3, l = 10 
mm). 
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Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
 
Chiral SFC (OD-H, Chiraldex, 2 mL/min, 3% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
coinjection of reaction 
product and racemic 
racemic reaction product 
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(R)-N-((6-methoxypyridin-3-yl)(4,4,5,5-tetramethyl-1,3,
2-dioxaborolan-2-yl)methyl)pivalamide (2.54). The 
reaction was performed according to Representative 
Procedure (Method B) with 6-methoxy-3-pyridine- 
carboxaldehyde (68.6 mg, 0.50 mmol). The crude reaction mixture was purified by 
column chromatography on regular SiO2 (50:50 hexanes/ethyl acetate first to remove the 
pinacol derivatives, then 40:1 – 20:1 CH2Cl2/methanol, stain in PMA) to afford a white 
solid (114.3 mg, 66%). Rf = 0.29 in 20:1 CH2Cl2/methanol on TLC. 
1
H NMR (500 MHz, 
CDCl3): δ 7.92 (1H, d, J = 2.4 Hz), 7.42 (1H, dd, J = 8.8, 2.4 Hz), 6.81 (1H, br s), 6.68 
(1H, d, J = 8.8 Hz), 3.91 (3H, s), 3.71 (1H, s), 1.31 (9H, s), 1.12 (6H, s), 1.02 (6H, s); 
13
C 
NMR (125 MHz, CDCl3): δ 185.3, 162.8, 144.4, 138.0, 129.3, 110.2, 80.5, 53.3, 35.7, 
26.9, 25.0, 24.6; IR (neat): 2969.7 (w), 1569.1 (w), 1492.6 (m), 1198.1 (w), 1143.7 (s), 
1095.7 (s), 1028.0 (m), 971.1 (w), 952.9 (w), 829.6 (w), 731.1 (m), 584.2 (w) cm
-1
; 
HRMS-(ESI+) for C18H30B1N2O4 [M+H]: calculated: 349.2299, found: 349.2315; [α]
24
D: 
68.11 (c = 0.44, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using tricyclohexylphosphine as the achiral 
ligand in the diboration reaction. The absolute stereochemistry was assigned by analogy. 
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Chiral SFC (OD-H, Chiraldex, 3 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
  
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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2.5.8 Imine Diboration/Acylation with Acid Fluoride 
Preparation of Acid Fluoride 
 
 
The acid fluoride was prepared using the literature procedure
37
 with slight 
modification. To a stirring solution of Boc-Phe-OH (1.01 g, 3.81 mmol) and pyridine 
(308 L, 3.81 mmol) in CH2Cl2 (9.5 mL, 0.40 M) under a N2 atmosphere was added 
cyanuric fluoride (654 L, 7.62 mmol) at 10 oC in an ice/salt bath. A precipitate 
gradually formed over time. After stirring at 10 oC for 1 h, crushed ice was added along 
with 10 mL of additional CH2Cl2. The organic layer was separated and the aqueous layer 
was extracted with 5 mL of CH2Cl2. The combined CH2Cl2 layers were washed with 10 
mL of ice-cold water and dried over Na2SO4, and the solvent was removed in vacuo at 
room temperature to afford the acid fluoride as a white solid (989 mg, 97% yield). The 
1
H 
NMR spectra was in accord with the literature.
7
 The crude product was used in the 
acylation without further purification.  
 
Preparation of Compound 2.57 using (R,R)-2.38 
In the glove box, an oven-dried 20 mL scintillation vial with magnetic stir bar was 
charged with Pt(dba)3 (22.4 mg, 25.0 mol), (R,R)-TADDOL-derived phosphonite ligand 
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(R,R)-2.38 (21.4 mg, 30.0 mol), B2(pin)2 (152.4 mg, 0.60 mmol) and toluene (2.5 mL). 
The vial was sealed with a polypropylene cap, removed from the glove box, and heated to 
80 °C in an oil bath for 20 min. The vial was cooled to room temperature, returned to the 
glove box and charged with (E)-N-(4-fluorobenzylidene)-1,1,1-trimethylsilanamine 2.55 
(97.7 mg, 0.50 mmol). The vial was sealed, removed from the glove box, and stirred at 
room temperature for 14 h. Upon completion, the mixture was charged with THF (2.5 
mL), acid fluoride (Boc-Phe-F, 160.4 mg, 0.60 mmol), and pivalic acid (51.1 mg, 0.50 
mmol). The reaction was allowed to stir for 30 minutes at which time THF and most of 
the toluene were removed in vacuo to form a slurry. The slurry was filtered over a filter 
paper and carefully washed with diethyl ether (20 mL) to afford a white solid (201.0 mg, 
81% yield, single diastereomer). 
 
 
tert-butyl ((S)-1-(((R)-(4-fluorophenyl)(4,4,5,5-tetra methyl-1,3,2-dioxaborolan-2-yl) 
methyl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (2.57). 
1
H NMR (500 MHz, 
CDCl3): δ 7.31-7.21 (5H, m), 7.09-7.06 (2H, m), 6.95-6.90 (2H, m), 6.73 (1H, br s), 5.00 
(1H, br s), 4.49 (1H, dt, J = 7.6, 7.1 Hz), 4.05 (1H, d, J = 3.4 Hz), 3.16-3.07 (2H, m), 
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1.39 (9H, s), 1.15 (6H, s), 1.12 (6H, s); 
13
C NMR (125 MHz, CDCl3): δ 173.7, 161.6 (d, 
1
JCF = 243.9 Hz), 155.3, 136.1, 135.3 (d, 
4
JCF = 3.0 Hz), 129.4, 128.8, 128.4 (d, 
3
JCF = 7.0 
Hz), 127.1, 115.1 (d, 
2
JCF = 21.6 Hz), 83.0, 80.5, 54.5, 45.3, 38.0, 28.2, 24.8, 24.5; 
19
F 
NMR (470 MHz, CDCl3): δ 117.0; IR (neat): 2976.7 (w), 1705.3 (s), 1591.4 (w), 1508.8 
(m), 1366.2 (w), 1203.4 (m), 1152.5 (s), 1088.1 (m), 1037.6 (w) cm
-1
; HRMS-(ESI+) for 
C27H37B1F1N2O5 [M+H]: calculated: 499.2780, found: 499.2763; [α]
22
D: 23.79 (c = 0.42, 
CHCl3, l = 10 mm). 
 
Preparation of Compound 2.58 using (S,S)-2.38 
In the glove box, an oven-dried 20 mL scintillation vial with magnetic stir bar was 
charged with Pt(dba)3 (22.4 mg, 25.0 mol), (S,S)-TADDOL-derived phosphonite ligand 
(S,S)-2.38 (21.4 mg, 30.0 mol), B2(pin)2 (152.4 mg, 0.60 mmol) and toluene (2.5 mL). 
The vial was sealed with a polypropylene cap, removed from the glove box, and heated to 
80 °C in an oil bath for 20 min. The vial was cooled to room temperature, returned to the 
glove box and charged with (E)-N-(4-fluorobenzylidene)-1,1,1-trimethylsilanamine 2.55 
(97.7 mg, 0.50 mmol). The vial was sealed, removed from the glove box, and stirred at 
room temperature for 14 h. Upon completion, the mixture was charged with THF (2.5 
mL), acid fluoride (Boc-Phe-F, 160.4 mg, 0.60 mmol), and pivalic acid (51.1 mg, 0.50 
mmol). The reaction was allowed to stir for 30 minutes at which time the vial was cooled 
to 0 °C in an ice/water bath and quenched by the addition of 2 M K2CO3 aqueous solution 
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(3.0 mL). The aqueous and organic layers were separated and the aqueous layer was 
extracted with ethyl acetate (3×15 mL). The organic layers were combined and dried 
over Na2SO4, filtered, and the volatiles were removed in vacuo. The crude reaction 
mixture was purified on regular silica gel rapidly (hexanes: ethyl acetate = 80:20  50:50) 
to afford a pale yellow solid as the mixture of the desired product and pinacol (about 1:1 
ratio). The mixture was dried under high vacuum at 80 
o
C in oil bath for 30 minutes to 
remove pinacol to afford the desired product 2.58 as a pale yellow solid (150.2 mg, 60% 
yield, >10:1 d.r.). 
 
 
tert-butyl ((S)-1-(((S)-(4-fluorophenyl)(4,4,5,5-tetra- methyl-1,3,2-dioxaborolan-2-yl) 
methyl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate (2.58). 
1
H NMR (500 MHz, 
CDCl3): δ 7.31-7.25 (3H, m), 7.22-7.20 (2H, m), 7.08-7.05 (2H, m), 6.94-6.91 (2H, m), 
6.62 (1H, br s), 4.94 (1H, br s), 4.48 (1H, br s), 4.05 (1H, s), 3.16-3.07 (2H, m), 1.40 (9H, 
s), 1.17 (6H, s), 1.14 (6H, s); 
13
C NMR (125 MHz, CDCl3): δ 173.7, 161.6 (d, 
1
JCF = 
243.9 Hz), 155.3, 136.1, 135.3, 129.4, 128.7, 128.5 (d, 
3
JCF = 5.0 Hz), 127.1, 115.1 (d, 
2
JCF = 21.1 Hz), 82.9, 80.6, 54.2, 45.4, 37.9, 28.2, 24.7, 24.6; 
19
F NMR (470 MHz, 
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CDCl3): δ 117.0; IR (neat): 2976.3 (m), 1699.9 (m), 1606.1 (w), 1509.0 (s), 1367.2 (m), 
1150.7 (s), 1108.7 (m), 1047.0 (w), 754.3 (w), 699.8 (w) cm
-1
; HRMS-(ESI+) for 
C27H37B1F1N2O5 [M+H]: calculated: 499.2780, found: 499.2792; [α]
22
D:  (c = 0.64, 
CHCl3, l = 10 mm). 
 
2.5.9 Synthesis of Boronic Acid 
 
The boronic acid was prepared using the literature procedure
48
 with slight 
modification. -Aminoboronate ester 2.40 (67.0 mg, 0.20 mmol) was dissolved in 1.4 
mL of CH2Cl2 under N2. The solution was cooled to 78 
o
C in a dry ice/acetone bath. 
BCl3 in CH2Cl2 (1.0 M, 0.60 mL, 0.60 mmol) was then added dropwise over the course 
of 15 minutes, after which the mixture was stirred for 1 hour at 78 oC. The mixture was 
then allowed to warm to room temperature, and the volatiles were removed in vacuo. 10 
mL of anhydrous methanol was added to the flask and the mixture was stirred for 10 
minutes, then the methanol was removed under vacuum. The addition of 10 mL of 
                                                 
 
48
 Milo, L. J. J.; Lai, J. H.; Wu, W.; Liu, Y.; Maw, H.; Li, Y.; Jin, Z.; Shu, Y.; Poplawski, S. E.; Wu, Y.; 
Sanford, D. G.; Sudmeier, J. L.; Bachovchin, W. W. J. Med. Chem. 2011, 54, 4365. 
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methanol, stirring for 10 minutes, and removal of methanol were repeated additional four 
times. The resulting oil was dissolved in 10 mL of water and washed with diethyl ether (5 
mL×3). The aqueous layer was collected and lyophilized to afford a white solid (boroxine, 
the dehydrated trimer of the desired product, 28.2 mg, 60% yield).  
 
(R)-((4-fluorophenyl)(pivalamido)methyl)boronic acid (2.60). 
1
H NMR (500 MHz, D2O): δ 7.13-7.07 (4H, m), 3.82 (1H, s), 1.36 
(9H, s); 
13
C NMR (125 MHz, D2O): δ 186.0, 160.9 (d, 
1
JCF = 
240.4 Hz), 136.8 (d, 
4
JCF = 2.5 Hz), 126.4 (d, 
3
JCF = 8.0 Hz), 115.0 (d, 
2
JCF = 21.6 Hz), 
52.8 (br, C-B), 35.0, 25.8; 
19
F NMR (470 MHz, D2O): δ 118.6; IR (neat boroxine): 
1579.6 (w), 1508.3 (s), 1389.9 (m), 1283.0 (m), 1219.8 (s), 1157.2 (s), 833.3 (m), 574.7 
(w), 540.0 (w) cm
-1
; HRMS-(ESI+) for C12H16B1F1N1O2 [MH2O+H]: calculated: 
236.1258, found: 236.1270.  
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2.5.10 Stereospecific Suzuki-Miyaura Coupling  
 
 
The stereospecific Suzuki-Miyaura coupling was performed according to the 
literature procedure
13a
 with slight modification. In the glove box, an oven-dried 2-dram 
vial with magnetic stir bar was charged with Pd2(dba)3 (2.3 mg, 2.5 mol), XPhos (4.8 
mg, 10 mol), K2CO3 (41.5 mg, 0.30 mmol), phenol (23.5 mg, 0.25 mmol), toluene (0.20 
mL), -amino boronate ester (S)-2.42 (35.2 mg, 0.10 mmol) and bromobenzene (16.0 L, 
0.15 mmol). The vial was sealed with a polypropylene cap, removed from the glove box, 
and heated to 80 °C in an oil bath. After 16 hours, the vial was cooled to room 
temperature, water (3.0 mL) was added, and the mixture was extracted with ethyl acetate 
(3×15 mL). The organic layers were combined and dried over Na2SO4, filtered, and the 
volatiles were removed in vacuo. The crude reaction mixture was purified on silica gel 
(hexanes: diethyl ether = 90:10 – 80:20) to afford a white solid (29.0 mg, 96% yield). 
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(R)-N-((4-chlorophenyl)(phenyl)methyl)pivalamide (2.59). Rf 
= 0.19 in 80:20 hexanes/diethyl ether on TLC. 
1
H NMR (500 
MHz, CDCl3): δ 7.35-7.27 (5H, m), 7.19-7.14 (4H, m), 6.18 (1H, 
d, J = 7.3 Hz), 6.12 (1H, br d, J = 7.3 Hz), 1.24 (9H, s); 
13
C NMR (125 MHz, CDCl3): δ 
177.4, 141.2, 140.3, 133.2, 128.84, 128.81, 128.6, 127.7, 127.3, 56.3, 38.7, 27.6; IR 
(neat): 3311.6 (m), 2962.3 (w), 2924.9 (w), 1628.8 (s), 1525.5 (s), 1490.7 (m), 1206.2 
(m), 1089.0 (w), 1014.3 (w), 820.7 (w), 741.5 (w), 696.9 (m), 570.7 (w) cm
-1
; 
HRMS-(ESI+) for C18H20Cl1N1O1 [M+H]: calculated: 302.1312, found: 302.1305; [α]
23
D: 
 (c = 1.06, CHCl3, l = 10 mm). 
 
Proof of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic starting material was prepared using tricyclohexylphosphine as 
the achiral ligand in the diboration reaction. The absolute stereochemistry of the cross 
coupling product was assigned by comparing the optical rotation with reported value in 
the literature.
13 
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Chiral SFC (OJ-H, Chiraldex, 3 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
reaction product.  
 
 
racemic 
coinjection of reaction 
product and racemic 
reaction product 
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Chapter 3 
3 Development of Catalytic Enantioselective Tandem 
Allylation Strategy for the Rapid Construction of 
1,4-Cyclohexanediols 
 
3.1 Introduction 
The stereoselective addition of allylboron reagents to carbonyls is one of the most 
extensively studied reactions in organic synthesis for the construction of enantioenriched 
homoallylic alcohols.
1
 Allylborons belong to Type I class of allylation reagents defined 
by Denmark in the early 1980s.
2
 Their addition to carbonyls involves a closed, 
Zimmerman-Traxler chair-like transition state which allows a high level of 
diastereoselection in a predictable manner (Scheme 3.1). In general, allyl dialkylboranes 
are noticeably more reactive than allyl boronates. However, the latter is considered more 
desirable due to superior stability and easier handling. 
 
 
                                                 
 
1
 Hall, D. G. Boronic Acids: Preparation and Applications in Organic Synthesis, Medicine and Materials, 
2nd ed.; Wiley-VCH: Weinheim, Germany, 2011. 
2
 Denmark, S. E. and Weber, E. J. Helv. Chim. Acta. 1983, 66, 1655. 
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Scheme 3.1 Diastereoselective Addition of Type I Allylation Reagents to Aldehydes via 
Closed Transition State 
 
 
In the presence of a catalytic amount of Lewis acid or Brønsted acid, the reaction 
between allyl boronates and aldehyde could be significantly accelerated
3
 due to the 
coordination of the catalyst to one of the boronate oxygens.
4
 When a chiral catalyst is 
employed, it can be envisioned that the allylboration will proceed in an enantioselective 
fashion. Indeed, numerous examples of catalytic enantioselective allylboration have been 
disclosed in the past decade.
5
  
Installation of non-exchangeable chiral ligands on the boron atom offers another 
strategy for the control of stereoselectivity. To date, a variety of allylboron reagents 
bearing chiral ligands have been developed and utilized in diastereoselective allylboration 
                                                 
 
3
 (a) Kennedy, J. W.; Hall, D. G. J. Am. Chem. Soc. 2002, 124, 11586. (b) Rauniyar, V.; Hall, D. G. J. Am. 
Chem. Soc. 2004, 126, 4518. (c) Yu, S. H.; Ferguson, M. J.; McDonald, R.; and Hall, D.G. J. Am. Chem. 
Soc. 2005, 127, 12808. 
4
 Sakata, K.; Fujimoto, H. J. Am. Chem. Soc. 2008, 130, 12519. 
5
 For a review of catalytic enantioselective allylboration, see: Yus, M.; González-Gómez, J. C.; Foubelo, F. 
Chem. Rev. 2011, 111, 7774. 
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(Figure 3.1).
6
 Finally, the use of stereodefined -substituted allyl boronates is a 
promising strategy to control the enantiofacial selectivity with near-perfect transfer of the 
chirality at the -stereogenic center through the closed transition state. The ratio of the 
two diastereomeric products, however, is highly dependent on the nature of the 
-substituent and the ligand on the boron atom (Scheme 3.2).6 
 
Figure 3.1 Allylboron Reagents with Chiral Ligands on the Boron Atom 
 
 
 
 
                                                 
 
6
 For a review of diastereoselective allylboration controlled by chiral ligands on boron or stereogenic 
centers on carbon backbone, see: Yus, M.; González-Gómez, J. C.; Foubelo, F. Chem. Rev. 2013, 113, 5595. 
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Scheme 3.2 Competing Pathways in Aldehyde Allylboration with Chiral -Substituted 
Allyl Boronates 
 
 
In 2012, the Morken group disclosed the first catalytic enantioselective 
1,2-diboration of cis-substituted or 4,4-disubstituted dienes in the presence of a platinum 
catalyst and a TADDOL-derived phosphonite ligand, providing a novel and rapid access 
to nonracemic -substituted allyl bis(boronates) (Scheme 3.3, 3.1→3.2).7 Besides direct 
oxidation to 1,2-diols, the allyl bis(boronates) were also demonstrated to be effective 
allylation reagents that convert aliphatic and aromatic aldehydes into homoallylic 
alcohols 3.7. The products 3.7 could be further transformed to (E)-1,5-diols 3.8 upon 
oxidative workup (Scheme 3.4). The chirality at the -position of 3.2 was perfectly 
transferred to the newly formed contiguous stereogenic centers in the product 3.7 through 
the closed transition state 3.9. 
 
 
                                                 
 
7
 Kliman, L. T.; Mlynarski, S. N.; Ferris, G. E.; Morken, J. P. Angew. Chem. Int. Ed. 2012, 51, 521. 
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Scheme 3.3 Catalytic Enantioselective 1,2-Diboration of 1,3-Dienes 
 
 
Scheme 3.4 Stereoselective Allylboration of Allyl Bis(boronates) 
 
 
It is noteworthy that after the allylation, a new allylboron motif was generated in 
3.7, providing a functional handle for further elaboration. However, the second addition 
of 3.7 to aldehydes was prohibited when R
2
 group was not equal to hydrogen, presumably 
due to the steric hindrance. When R
2
 = hydrogen, the second allylation was observed and 
competed with the first one, leading to homo double allylation products which have 
limited application in organic synthesis. We reasoned that when a 1,4-dicarbonyl 
compound is employed as the electrophile, the allylation will first deliver intermediate 
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3.11, which may cyclize with the tethered carbonyl group more rapidly through a 
intramolecular allylation. Ideally, the overall reaction cascade will convert 1,3-diene 3.1 
and a dicarbonyl into cyclic 1,4-diol 3.12 bearing four contiguous stereocenters in a 
one-pot fashion (Scheme 3.5). The details of the development of this methodology will 
be discussed in this chapter. 
 
Scheme 3.5 Proposed Tandem Diboration/Double Allylation Strategy 
 
 
3.2 Background 
Bimetallic double allylation reagents have attracted increasing attention due to 
their usefulness in organic synthesis. Compared with conventional mono-allylation, the 
double allylation reaction allows sequential formation of two carbon-carbon bonds and 
multiple stereogenic centers in one reaction, making these processes extremely powerful 
for the construction of polyhydroxylated nature products. However, new issues in terms 
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of stereoselectivity arise with the more complicated processes. Also, the reactivity of the 
metals and the electrophiles must be carefully tuned such that only the desired reaction 
sequence will take place. Based on the reaction pattern, the bimetallic double allylation 
reagents documented in the literature can be classified into three types as depicted in 
Scheme 3.6.  
 
Scheme 3.6 Classification of Bimetallic Double Allylation Reagents 
 
 
3.2.1 Type I Double Allylation Reagents 
Type I bimetallic double allylation reagents were first reported in the late 1980s. 
In the early stage of development, these compounds were only utilized as -hydroxyl allyl 
metal equivalent. After the mono-allylation reaction, the remaining carbon-metal bond 
was directly oxidized to access anti-1,2-diols. In 1987, Ito and co-workers synthesized 
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allylic silyl zinc reagent 1.14 from allylaminosilane 1.13 by lithiation/transmetallation. 
Upon the treatment with benzaldehyde, followed by oxidation, the bimetallic 1.14 was 
converted to 1,2-diol 1.16 with a high level of regio- and diastereoselectivity, presumably 
through the closed transition state 1.17 (Scheme 3.7).
8
 Except for lower stereoselectivity 
being observed with a linear alkyl aldehyde, -branched alkyl, aromatic and 
heteroaromatic aldehydes were well-suited substrates for this reaction. 
 
Scheme 3.7 Stereoselective Silylallylation of Aldehydes 
 
 
 
 
                                                 
 
8
 Tamao, K.; Nakajo, E.; Ito, Y. J. Org. Chem. 1987, 52, 957. 
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In 1995, Brown and co-workers developed a similar strategy to deliver 
enantioenriched anti-1,2 diols through the use of a boron-based bimetallic allylation 
reagent.
9
 As illustrated in Scheme 3.8, regioselective hydroboration of allenyl boronate 
1.18 with Ipc2BH provided (E)-allylic boron reagent 1.19, which underwent rapid, 
stereocontrolled addition to benzaldehyde, furnishing enantioenriched 1,2-diol 1.16 after 
subsequent oxidation. Notably, all of the transformations, from hydroboration through 
oxidation, could be conducted in a one-pot fashion.  
 
Scheme 3.8 Enantioselective Synthesis of anti-1,2 Diols Using Boron-Based Bimetallic 
Allylation Reagent 
 
 
 
                                                 
 
9
 Brown, H. C.; Narla, G. J. Org. Chem. 1995, 60, 4686. 
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In Brown’s work, the second allylation between the intermediate 1.20 and the 
aldehyde was never observed due to the lower reactivity of allyl boronates. Roush 
recognized that if 1.20 could be induced to undergo the second allylation at higher 
temperature, the reaction might occur with a high level of stereospecificity controlled by 
the stereogenic center at the -position.10 As depicted in Scheme 3.9, after the formation 
of 1.20 at78 °C, the reaction mixture was warmed up in the presence of excess 
aldehyde to allow the second allylation. After stirring for 24 hours, 1,5-anti-diol 1.21 was 
afforded with excellent diastereo- and enantioselectivity (eq. 1). The use of two different 
aldehydes in the double allylboration reaction was also explored to construct hetero 
double allylation product 1.22. Optimal results with minimal amount of homo double 
allylation product 1.23 (1-5%) were achieved when 1.19 was treated with 0.54 equiv. of 
the first aldehyde at 78 °C, followed by 1.0 equiv. of the second aldehyde at ambient 
temperature (eq. 2). The high stereoselectivity in the second allylation was attributed to 
the pericyclic nature of the transition state 1.24, transferring the chirality at the -position 
of the allyl boronate to the newly-formed C-O stereocenter. It was also demonstrated that 
when the diol on the boron atom was replaced with a more encumbered ligand, the 
-substituent would occupy the axial position in the transition state 1.27, furnishing 
                                                 
 
10
 (a) Flamme, E. M.; Roush, W. R. J. Am. Chem. Soc. 2002, 124, 13644. (b) Winbush, S. M.; Roush, W. R. 
Org. Lett. 2010, 12, 4344. 
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1,5-syn-diol 1.26 as the major product (eq. 3). To date, this double allylation strategy has 
been utilized in several synthetic studies targeting natural products.
11
 
Scheme 3.9 Enantioselective Synthesis of (E)-1,5-anti- and (Z)-1,5-syn-Diols Using Type 
I Double Allylation Reagents 
 
                                                 
 
11
 (a) Flamme, E. M.; Roush, W. R. Org. Lett. 2005, 7, 1411. (b) Owen, R. M.; Roush, W. R. Org. Lett. 
2005, 7, 3941. (c) Hicks, J. D.; Flamme, E. M.; Roush, W. R. Org. Lett. 2005, 7, 5509. (d) Lira, R.; Roush, 
W. R. Org. Lett. 2007, 9, 533. (e) Hicks, J. D.; Roush, W. R. Org. Lett. 2008, 10, 681. 
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More recently, the Roush group studied the analogous double allylation using 
bifunctional reagent 1.29 derived from the hydroboration of 1,1-disubstituted allenyl 
boronate 1.28.
12
 It was intriguing to observe that the kinetically controlled hydroboration 
product (Z)-1.29 would not isomerize to the thermodynamically more stable (E)-1.29 at 
low temperature (Scheme 3.10, eq. 1). While the first allylation proceeded smoothly, the 
second allylation must be carried out at 78 to 0 °C with a Lewis acid to minimize the 
isomerization of (Z)-1.29 (eq. 2). The overall reaction delivered an unexpected 
(Z)-anti-1,5-pentenediol 1.30 which could be interpreted as arising from the transition 
state 1.31 with a six-membered ring chelation. In contrast, the hydroboration at elevated 
temperature would allow (Z)-1.29 to undergo reversible 1,3-borotropic shift to give 
(E)-1.29 as the major isomer. With this starting material, the second allylation could be 
conducted at ambient temperature without the assistance of BF3·Et2O, furnishing 
(E)-anti-1,5-pentenediols 1.32 in good yield and excellent stereoselectivity (eq. 3). The 
stereochemical outcome was consistent with a normal allylboration transition state. 
 
 
 
 
                                                 
 
12
 Chen, M.; Roush, W. R. J. Am. Chem. Soc. 2013, 135, 9512. 
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Scheme 3.10 Synthesis of (Z)- and (E)-anti-1,5-Diols Using Type I Double Allylation 
Reagents 
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Soderquist and co-workers also developed a family of Type I double allylation 
reagents based on borabicyclo[3.3.2]decanes (BBD).
13
 As depicted in Scheme 3.11, the 
double allylation reagent 3.25 was prepared by the hydroboration of allenylborane 3.23 
with BBD-derivative 3.24. The reaction between acetophenone and 3.25 delivered 3.26, 
which underwent 1,3-borotropic rearrangement to generate terminal allylborane 3.27. 
After treatment with the aldehyde, enantiomerically enriched 1,3-anti-diol 3.28 was 
isolated in 68% yield with excellent stereoselectivity. Later, Roush and co-workers also 
applied this BBD-derived hydroboration reagent in their double allylation strategy to 
construct (Z)-anti-1,5-diols.
14
 
 
  
                                                 
 
13
 González, A. Z.; Román, J. G.; Alicea, E.; Canales, E.; Soderquist, J. A. J. Am. Chem. Soc. 2009, 131, 
1269. 
14
 Kister, J.; DeBaillie, A. C.; Lira, R.; Roush, W. R.; J. Am. Chem. Soc. 2009, 131, 14174. 
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Scheme 3.11 Borabicyclo[3.3.2]decanes-Based Type I Double Allylation Reagent 
 
 
3.2.2 Type II Double Allylation Reagents 
Due to their symmetrical structure, Type II bimetallic double allylation reagents 
have been restricted to the construction of 3-methylenepentane-1,5-diols, and thus have 
attracted much less attention. In order to achieve hetero double allylation with two 
different aldehydes, one of the metals must be distinguished from the other one in terms 
of reactivity. Otherwise, a large amount of the C2-symmetric 1,5-diol will be obtained. In 
1999, Barrett and co-workers prepared Type II double allylation reagent 3.29 from 
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isobutene by lithiation and electrophilic trap with (+)-Ipc2BCl. The reagent was then 
subjected to allylation with 2 equiv. of aldehyde to afford anti-1,5-diol 3.30 as the major 
product with excellent enantioselectivity.
15
 However, efforts to synthesize unsymmetrical 
diols were not successful since the second allylation occurs at a faster rate than the first 
one. Thus, mixtures of 1,5-diols were afforded without significant synthetic value. 
 
Scheme 3.12 Synthesis of C2-Symmetric 1,5-Diols Using Type II Double Allylation 
Reagent 
 
 
3.2.3 Type III Double Allylation Reagents 
Type III bimetallic double allylation reagents are promising compounds for the 
construction of diols with high stereoselectivity. As shown in Scheme 3.6, up to four 
contiguous stereogenic centers could be generated with Type III double allylation and the 
outcome could be controlled by the preexisting carbon-metal stereocenter on the 
                                                 
 
15
 (a) Barrett, A. G. M.; Braddock, D. C.; de Koning, P. D. Chem. Commun. 1999, 459. (b) Barrett, A. G. 
M.; Braddock, D. C.; de Koning, P. D.; White, A. J. P.; Williams, D. J. J. Org. Chem. 2000, 65, 375. 
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framework. When the reagent is nonracemic, enantiomerically enriched diols could be 
synthesized without chiral catalyst or chiral ligands on the metal.  
In 2002, Woerpel and co-workers reported the first preparation of silicon-based 
Type III double allylation reagents and their application in the synthesis of 
tetrahydrofuran derivatives (Scheme 3.13).
16
 In the presence of stoichiometric amount of 
TiCl4, allylsilane 3.31 reacted with hydrocinnamaldehyde through an open transition state 
to form carbocation 3.32. Subsequent 1,2-silyl migration and base-promoted elimination 
generated allylsilane 3.34 which underwent the second allylation with TiCl4-activated 
aldehyde to achieve tetrahydrofuran-derivative 3.56 with moderate yield and excellent 
diastereoselectivity.
17
 A similar allyl disilane reagent was later reported by Sarkar et al. 
and was also utilized for the construction of substituted tetrahydrofuran compounds 
through a slightly different mechanism.
18
 
 
 
 
 
 
 
                                                 
 
16
 Smitrovich, J. H.; Woerpel, K. A. Synthesis 2002, 2778. 
17
 The enantioenriched allyl disilane reagent was later prepared in 7 steps: Peng, Z.-H.; Woerpel, K. A. Org. 
Lett. 2001, 3, 675. 
18
 Sarkar, T. K.; Haque, S. A.; Basak, A. Angew. Chem. Int. Ed. 2004, 43, 1417. 
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Scheme 3.13 Type III Double Allylation Using Disilanes 
 
 
In 2007, the Hall group unveiled the first preparation of nonracemic 
-trialkylsilylmethyl substituted allyl boronate 3.3719 by Matteson homologation20 of 
vinylboronate 3.38 bearing a chiral auxiliary and subsequent stereoinvertive substitution 
(Scheme 3.14, eq. 1). While the uncatalyzed allylboration with aldehyde proceeded at 
ambient temperature, the diastereoselectivity was low. In contrast, BF3·Et2O-promoted 
                                                 
 
19
 Peng, F.; Hall, D. G. J. Am. Chem. Soc. 2007, 129, 3070.. 
20
 (a) Matteson, D. S.; Sadhu, K. M.; Lienhard, G. E. J. Am. Chem. Soc. 1981, 103, 5241. (b) Matteson, D. 
S.; Sadhu, K. M. J. Am. Chem. Soc. 1983, 105, 2077. For reviews, see: (c) Matteson, D. S. J. Org. Chem. 
2013, 78, 10009. (d) Matteson, D. S. Med. Res. Rev. 2008, 28, 233. (e) Matteson, D. S. Chem. Rev. 1989, 89, 
1535. 
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allylboration at78 °C provided the homoallylic alcohol 3.40 in excellent E/Z selectivity 
and perfect chirality transfer from the -stereogenic center through the six-membered 
cyclic transition state 3.39 (eq. 2). Compound 3.40 could further undergo a second 
allylation with an aldehyde in the presence of TMSOTf to generate all-cis trisubstituted 
tetrahydrofuran derivative 3.41, presumably controlled by the pseudo-diequatorial 
arrangement of R
1
 and R
2
 groups in transition state model 3.42. 
 
Scheme 3.14 Nonracemic Type III Silicon-Boron Double Allylation Reagent 
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The major challenge of the previous synthesis of nonracemic Type III double 
allylation reagents is the requirement of a stoichiometric amount of non-exchangeable 
chiral ligand on the metal. This problem was successfully addressed by the 
enantioselective 1,2-diboration of 1,3-dienes developed by the Morken group, featuring 
the use of a chiral catalyst to install the stereodefined borylated center on the backbone 
(see Scheme 3.3). With the readily available 1,2-bis(boronates) 3.2 in hand, the 
diastereoselective mono-allylboration of aldehydes was realized with a high level of 
stereoselectivity (see Scheme 3.4). It is noteworthy that during this process, a new 
allylboron motif was generated as a functional handle for the second allylation, which 
makes 1,2-bis(boronates) 3.2 a promising Type III double allylation reagent. As 
mentioned above, the preliminary results of hetero double allylation were not successful 
due to either the steric hindrance or the competing homo double allylation. We 
anticipated that through the use of a tethered dicarbonyl compound as the electrophile, 
the second allylation would occur selectively by taking advantage of the faster rate of an 
intramolecular reaction (see Scheme 3.5). 
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3.3 Development of Enantioselective Tandem Diboration/Allylation of 
1,4-Dicarbonyl Compounds21 
3.3.1 Double Allylation of Symmetrical 1,4-Dialdehydes 
As proposed in Scheme 3.5, 1,4-dicarbonyl electrophiles are desired for the 
domino double allylation and succinaldehyde 3.43, the simplest 1,4-dicarbonyl, was 
selected for the initial investigation. Succinaldehyde is labile on silica gel 
chromatography and suffers from decomposition even if stored at 35 °C. Thus, it has to 
be freshly prepared and used without column purification. The acid-catalyzed hydrolysis 
of 2,5-dimethoxytetrahydrofuran
22
 seemed to be an appealing method due to its easy 
operation and the use of inexpensive starting materials (Scheme 3.15, eq. 1). However, 
high conversion reported in the literature was difficult to reproduce and some polymeric 
byproducts were detected, making it difficult to estimate the amount of effective reagent 
generated. In contrast, ozonolysis of 1,5-cyclooctadiene
23
 (eq. 2) generated 
succinaldehyde in high purity, with stoichiometric amount of triphenylphosphine oxide as 
the major byproduct. This strategy can also be utilized to synthesize other 1,4-dicarboyls 
from the corresponding olefin precursors. However, this method required a special 
                                                 
 
21
 Ferris, G. E.; Hong, K.; Roundtree, I. A.; Morken, J. P. J. Am. Chem. Soc. 2013, 135, 2501. 
22
 Enkisch, C.; Schneider, C. Eur. J. Org. Chem. 2009, 32, 5549. 
23
 dos Santos, C.; Bahlaouan, Z.; Kassimi K. E.; Troufflard, C.; Hendra, F.; Delarue-Cochin, S.; Zahouily, 
M.; Cavé, C.; Joseph, D. Heterocycles 2007, 73, 751. 
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instrument to generate ozone and much longer reaction time (for the reduction step). To 
our delight, it was discovered that the two methods could be used interchangeably with 
almost identical chemical outcome and the impurities in both methods were completely 
compatible with the double allylation, proving the robustness of the reaction. 
 
Scheme 3.15 Preparation of Succinaldehyde 
 
 
With reliable methods in hand for the construction of the electrophile, the 
proposed tandem diene diboration/double allylation strategy was examined with 
geranial-derived diene 3.44. As depicted in Scheme 3.16, 3.44 was subjected to the 
previously developed diene diboration conditions,
7
 followed by the addition of freshly 
prepared succinaldehyde 3.43. After stirring at 60 °C for 24 hours, cyclic 1,4-diol 3.46 
was afforded in 80% yield, >15:1 syn/anti dr and 98:2 er in a one-pot fashion (eq. 1). 
Similarly, neral-derived diene 3.47 was converted to diol 3.49 in 76% yield and 96:4 er, 
albeit lower dr (5:1) favoring the anti-diastereomer (eq. 2). In the light of high 
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stereoselectivity in the first allylation (>20:1 dr), the overall diastereoselection was 
entirely dependent on the second allylation. 
 
Scheme 3.16 Preliminary Results of Tandem Diboration/Double Allylation of Geranial- 
and Neral-Derived Dienes with Succinaldehyde 
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Encouraged by these preliminary results, we decided to focus our subsequent 
efforts on the optimization of the allylation conditions to further improve the reactivity 
and diastereoselectivity, especially for substrate 3.47. Lewis acid additives were first 
tested since they are known to accelerate the addition of allyl boronates to carbonyls.
3
 
Unfortunately, as shown in Table 3.1, the addition of Lewis acid catalyst in the double 
allylation only resulted in the decomposition of the substrates (entries 2-4). Considering 
that Lewis acid-catalyzed allylboration are generally performed at low temperature, the 
double allylation was conducted at 4 °C in both toluene and DCM (entries 5 and 6). 
However, only complex mixtures were obtained, suggesting that Lewis acid catalysis is 
not compatible with the double allylation reagent. Different types of solvents were also 
screened in the double allylation, giving only comparable or worse stereoselectivity 
(entries 7-10). Thus, the original additive-free conditions were selected as the optimal 
conditions. 
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Table 3.1 Optimization of Double Allylation with Neral-Derived Diene 3.53 and 
Succinaldehyde 
 
entry solvent additive temp (°C) dr (anti/syn) 
1 toluene - 60 5:1 
2 toluene Sc(OTf)3 60 decomp 
3 toluene Yb(OTf)3 60 decomp 
4 toluene Cu(OTf)3 60 decomp 
5 toluene Sc(OTf)3 4 decomp 
6 DCM Sc(OTf)3 4 decomp 
7 DCM - 60 4.4:1 
8 THF - 60 4.9:1 
9 i-PrOH - 60 4.3:1 
10 DMF - 60 5.3:1 
 
The substrate scope of the tandem diboration/double allylation with symmetric 
1,4-dialdehyde was then studied with the optimal conditions (Table 3.2). When the more 
reactive phthalaldehyde was employed as the electrophile, the double allylation 
proceeded smoothly at ambient temperature to furnish 1,4-diols in high yield and 
excellent enantioselectivity. Like previous examples, with the geranial-derived (E)-diene 
3.44, diol 3.50 was afforded with 2.8:1 dr favoring the syn diastereomer. When the 
neral-derived (Z)-diene 3.47 was employed, the corresponding diol 3.51 was found in 
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slight favor of the anti-isomer.
24
 A diene bearing a silyl-protected alcohol was tolerated 
under the standard reaction conditions (3.52). Also, cyclic diol with spirocycles could be 
accessed with high diastereo- and enantioselectivity (3.53). It is worth noting that the 
synthesis of 3.54 with a tertiary stereocenter is particularly challenging due to the 
following reasons: first, the corresponding cis-monosubstituted diene partially undergoes 
1,4-diboration which delivers a different allylation product and diminishes the overall 
yield; second, as mentioned before, the 1,2-diboration product of cis-substituted diene 
allows intermolecular double allylation, which competes with the desired intramolecular 
reaction and generates multiple complex byproducts. With the standard conditions, 3.54 
could only be furnished in 29% yield, albeit with good stereoselectivity. Performing the 
diboration in THF and the allylation in DCM at ambient temperature improved the yield 
of 3.54 to 39%.  
Finally, efforts to synthesize 7- and 8-membered rings using 1,5- and 
1,6-dialdehyde as the electrophiles were not successful, and afforded complex mixtures 
which were likely the intermolecular allylation products. 
 
  
                                                 
 
24
 The rationale of the stereochemical outcome will be discussed in Section 3.4. 
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Table 3.2 Tandem Diene Diboration/Double Allylation with Symmetrical 
1,4-Dialdehydes 
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3.3.2 Double Allylation of Unsymmetrical 1,4-Dicarbonyls 
After the success with symmetrical electrophiles, the unsymmetrical 
1,4-dialdehyde 3.55 was also investigated targeting a regioselective double allylation 
(Scheme 3.17). Compound 3.55 was prepared by ozonolysis of the terminal olefin 3.56 
(eq. 1). Under the standard conditions, no desired diol 3.57 was observed and 3.58 was 
the sole product (eq. 2). We reasoned that the formaldehyde generated during the 
ozonolysis was extremely effective as an electrophile for the double allylation. Improved 
yield of 3.57 was achieved when the dialdehyde solution was heated to vaporize most of 
the formaldehyde (eq. 3). When the diboration product was used in excess (2 equiv.), 3.57 
was isolated in 54% yield based on the limiting dialdehyde (eq. 4).  
We also anticipated that 1,4-ketoaldehydes could serve as electrophiles for 
regioselective double allylation. Due to the reactivity difference, the first allylation 
should add exclusively to the aldehyde with the cyclization occurring to the remaining 
ketone to form a tertiary alcohol. When 4-oxopentanal was utilized, the desired diol 3.59 
was furnished in 61% yield with high level of stereoselectivity (Scheme 3.18, eq. 1). The 
moderate yield was attributed to the lower reactivity of ketone and might be enhanced at 
elevated temperature. Indeed, when the double allylation was conducted at 80 °C, the 
isolated yield of 3.59 was improved to 77% without affecting the diastereo- and 
enantioselectivity (eq. 2). The 1,4-ketoaldehyde bearing slightly more encumbered 
-benzylhydroxyl substituent was also tolerated with 60% yield and enhanced 
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diastereoselectivity (eq. 3). Finally, when neral-derived (Z)-diene 3.47 was used in place 
of 3.44, diol 3.61 favoring the anti-diastereomer was observed as we expected based on 
the previous results. 
 
Scheme 3.17 Double Allylation with Unsymmetrical 1,4-Dialdehyde 
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Scheme 3.18 Tandem Diene Diboration/Double Allylation with 1,4-Ketoaldehydes 
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3.4 Analysis of the Diastereoselectivity Model for the Double Allylation 
As shown above, the stereochemical outcome of the double allylation is highly 
dependent on the geometry of the allyl bis(boronate) intermediate. While the (E)-allyl 
bis(boronate) 3.45 delivers syn-diols regardless of the electrophile, the (Z)-allyl 
bis(boronate) 3.48 consistently produce anti-diols as the major diastereomer.  
Previous experimental data showed that the monoallylation of linear aliphatic 
aldehyde with both (E)- and (Z)-allyl bis(boronates) is highly diastereoselective (>20:1 
dr).
7
 When 1,4-dicarbonyl is utilized, assuming there is no interaction involving the 
second carbonyl group, the first allylation of the double allylation should proceed with 
the same level of selectivity (Scheme 3.19). Thus, the overall diastereoselection is mainly 
determined in the second allylation.  
 
Scheme 3.19 Stereochemical Model for the First Allylation 
 
The stereochemical model for the second allylation is proposed in Scheme 3.20 
on the basis of the trans-decalin-like transition state TS-3.62 and TS-3.63. When R
1
 and 
R
2
 groups at C-4 position are identical, the only stereogenic element in intermediate 3.11 
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resides at C-5 position (Scheme 3.20, entry 1). The 9:1 syn/anti ratio (diol 3.53) 
suggested that there is an inherent preference to place C-5 OB(pin) group in the axial 
orientation (TS-3.62), which is in line with previously reported cyclohexanone 
derivatives that show an axial preference for C-4 alkoxy groups.
25
 This unexpected 
observation could be interpreted by the following hypotheses: (a) electrostatic attraction 
between the axial oxygen bearing a partial negative charge and either the carbonyl carbon 
(Figure 3.2, I)
26
 or the axial -hydrogens with + (II);27 (b) hydrogen bonding between 
the axial oxygen and -hydrogens (III);28 and (c) hyperconjugative interaction from the 
adjacent axial C-H orbital donating into the antiperiplanar C-O * orbital (IV)29. In the 
context of this double allylation, when R
2
 is larger than R
1
, transition state TS-3.62 is 
favored due to the preference for the larger R
2
 to reside in the equatorial position. This is 
in concert with the inherent preference of TS-3.62, enhancing the selectivity to >15:1 
(diol 3.46, Scheme 3.20, entry 2). In contrast, when R
1
 is larger than R
2
, R
1 
prefers to 
occupy the equatorial site, thereby favoring transition state TS-3.63. This influence 
                                                 
 
25
 (a) Baldry, K. W.; Gordon, M. H.; Hafter, R.; Robinson, M. J. T. Tetrahedron 1976, 32, 2589. (b) 
Stowlow, R. D.; Giants, T. W. Chem. Commun. 1971, 11, 528. 
26
 (a) Kleinpeter, E.; Heydenreich, M.; Koch, A.; Linker, T. Tetrahedron 2012, 68, 2363. (b) Woerpel, K. A. 
J. Org. Chem. 2011, 76, 7706. (c) Baghdasarian, G.; Woerpel, K. A. J. Org. Chem. 2006, 71, 6851. (d) 
Dibble, D. J.; Ziller, J. W.; Woerpel, K. A. J. Org. Chem. 2011, 76, 7706. 
27
 Freitas, M. P.; Tormena, C. F.; Olivira, P. R.; Rittner, R. J. Mol. Struc. (Theochem) 2002, 589, 147. 
28
 Takahashi, O.; Yamasaki, K.; Kohno, Y.; Ueda, K.; Suezawa, H.; Nishio, M. Bull. Chem. Soc. Jpn. 2009, 
82, 272. 
29
 (a) Kihara, M.; Iwai, Y.; Nagao, Y. Hetereocycles 1995, 41, 2279. (b) Nagao, Y.; Goto, M. Hetereocycles 
1995, 41, 883. 
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overrides the inherent axial preference of OB(pin) group and turns over the overall 
diastereoselection to 5:1 anti/syn (diol 3.49, entry 3). Finally, when the size difference 
between R
1
 and R
2
 are enormous, TS-3.63 becomes predominant to deliver 3.54 in >20:1 
dr in favor of the anti-diol (entry 4). 
 
Scheme 3.20 Proposed Model for Diastereoselection in the Second Allylation 
 
entry R
1
 R
2
 product syn:anti diol 
1 -(CH2)5- 3.53 9:1 
2 Me prenyl 3.46 >15:1 
3 prenyl Me 3.49 1:5 
4 n-pentyl H 3.54 <1:20 
 
Figure 3.2 Hypotheses for Axial Preference of Alkoxy Group in Cyclohexanone 
Derivatives 
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3.5 Conclusion 
In summary, a tandem diboration/double allylation reaction has been 
accomplished for the construction of highly substituted cyclohexanols in a one-pot 
fashion. The strategy takes advantage of the previously developed Pt-catalyzed diboration 
to convert a 1,3-diene to enantioenriched allyl bis(boronates) intermediate, which further 
reacts with a 1,4-dicarbonyl compound to furnish a carbocyclic product bearing four 
contiguous stereogenic centers with a high level of stereoselectivity. The use of 
(E)-1,3-diene allows the formation of 1,4-syn-diol as the major product, while 
(Z)-1,3-diene favors 1,4-anti-diol. This intriguing phenomenon is rationalized through 
two competing trans-decalin-like transition states. 
 
3.6 Experimental Sections 
3.6.1 General Information 
1
H NMR spectra were recorded on either a Varian Gemini-500 (500 MHz), a 
Varian Inova-500 (500 MHz), or a Varian Gemini-600 (600 MHz) spectrometer. 
Chemical shifts are reported in ppm with the solvent resonance as the internal standard 
(CDCl3: 7.24 ppm). Data are reported as follows: chemical shift, integration, multiplicity 
(s = singlet, d = doublet, t = triplet, q = quartet, p = pentet, br = broad, m = multiplet, app 
= apparent), and coupling constants. 
13
C NMR spectra were recorded on either a Varian 
Gemini-500 (125 MHz), a Varian Inova-500 (125 MHz), or a Varian Gemini-600 (150 
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MHz) spectrometer with complete proton decoupling. Chemical shifts are reported in 
ppm with the solvent resonance as the internal standard (CDCl3 77.0 ppm). Infrared (IR) 
spectra were recorded on a Bruker alpha spectrophotometer, νmax cm-1. Bands are 
characterized as broad (br), strong (s), medium (m), and weak (w). High resolution mass 
spectrometry (ESI) was performed at the Mass Spectrometry Facility, Boston College. 
Liquid Chromatography was performed using forced flow (flash chromatography) 
on silica gel (SiO2, 230x450 mesh) purchased from Silicycle. Thin Layer 
Chromatography was performed on 25 µm silica gel plates purchased from Silicycle. 
Visualization was performed using ultraviolet light (254 nm), potassium permanganate 
(KMnO4) in water, or phosphomolybdic acid (PMA) in ethanol. Analytical chiral 
supercritical fluid chromatography (SFC) was performed on a TharSFC Method Station 
II equipped with Waters 2998 Photodiode Array Detector. Optical rotations were 
measured on a Atago AP-300 Polarimeter. Melting point determination was performed 
with Digimelt MPA160.  
All reactions were conducted in oven- or flamed-dried glassware under an inert 
atmosphere of nitrogen or argon, unless otherwise noted. Tetrahydrofuran (THF), toluene 
(PhMe), and dichloromethane (DCM) were purified using a Pure Solv MD-4 solvent 
purification system from Innovative Technology Inc. by passing through two activated 
alumina columns after being purged with argon. Triethylamine was distilled from calcium 
hydride. Bis(pinacolato)diboron was generously donated by Allychem Co., Ltd. and was 
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recrystallized from pentane prior to use. Cyclooctadiene was purchased from Aldrich and 
distilled over sodium metal prior to use. All other reagents were purchased from either 
Aldrich, Alfa-Aesar or Acros and used without further purification. 
 
3.6.2 Preparation of 1,4-dicarbonyl compounds 
1) Preparation of succinaldehyde.  
The following two procedures can be used interchangeably for the 
diboration/double allylation reaction. The ozonolysis procedure is the preferred method. 
However, both were used over the course of the reaction development. 
 
a) The title compound was prepared according to the literature procedure
30
 with 
slight modification. To a 2-dram vial equipped with a stir bar was added 
1,5-cyclooctadiene (40.6 μL, 0.33 mmol) and DCM (6.6 mL, 0.5 M). The solution was 
cooled to -78 °C, and ozone was bubbled through until the reaction solution was blue in 
color. The mixture was then purged with N2 until the blue color dissipated. Next, 
triphenylphosphine (173 mg, 0.66 mmol) was added in a single portion. The vial was 
                                                 
 
30
 dos Santos, C.; Bahlaouan, Z.; Kassimi K. E.; Troufflard, C.; Hendra, F.; Delarue-Cochin, S.; Zahouily, 
M.; Cavé, C.; Joseph, D. Heterocycles 2007, 73, 751. 
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sealed and allowed to warm to room temperature and stir overnight. The solution was 
carefully concentrated until triphenylphosphine oxide began to precipitate. 
 
 
b) The title compound was prepared according to the literature procedure
31
 with 
slight modification. To a 6-dram vial equipped with a stir bar was added 
2,5-dimethoxytetrahydrofuran (0.5 mL, 3.83 mmol ) and 1.0 M hydrochloric acid (2.0 
mL, 2.0 mmol). The solution was stirred and heated with in an oil bath at 60 °C for 30 
minutes. Upon cooling, solid powdered NaHCO3 was added until a pH = 6 was reached. 
The aqueous solution was extracted 3 x 5 mL EtOAc. The combined organic layers were 
dried over Na2SO4, filtered, and concentrated carefully on the rotary evaporator. Due to 
the mild evaporation conditions, the dialdehyde was isolated as a mixture with ethyl 
acetate, starting material and polymeric byproduct; the typical weight percent of product 
was between 30-40%. 
 
 
 
                                                 
 
31
 Enkisch, C.; Schneider, C. Eur. J. Org. Chem. 2009, 32, 5549. 
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2) Preparation of 2,2-dimethylsuccinaldehyde.  
 
To a 2-dram vial equipped with a stir bar was added 2,2-dimethyl-4-pentenal 3.56 
(34 uL, 0.25 mmol) and DCM (1.5 mL). The solution was cooled to -78 °C and ozone 
was bubbled through until the reaction solution was blue in color. The mixture was then 
purged with N2 until the blue color dissipated. Next, triphenylphosphine (0.275 mmol, 
72.1 mg) was added as a single portion. The vial was sealed and allowed to warm to 
room temperature and stir overnight, then carefully concentrated until triphenylphosphine 
oxide began to precipitate. 
 
3) Preparation of 4-oxopentanal.  
 
The title compound was prepared from 5-hydroxy-2-pentanone according to the 
literature procedure
7
 with slight modification. To an aluminum foil-covered round bottom 
flask equipped with a stir bar was added PhI(OAc)2 (17.467 g, 54.23 mmol) and TEMPO 
(770.3 mg, 4.93 mmol). The flask was sealed with a septum and purged with N2. The 
solids were dissolved in DCM (50 mL, 1.0 M), and 5-hydroxy-2-pentanone (5.0 mL, 
49.30 mmol) and pH 7 buffer (12 mL) were added in succession via syringe. The solution 
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was allowed to stir at room temperature for 1 hour. Upon completion, the reaction was 
quenched with the addition of 15 mL saturated aqueous sodium thiosulfate. The mixture 
was transferred to a separatory funnel and washed with DCM (3 x 30 mL) and the 
combined organics were dried over Na2SO4, filtered, and concentrated in vacuo. The 
crude product was purified by column chromatography on SiO2 (100% pentane, then 1:1 
- 3:1 Et2O:pentane, Rf = 0.18 in 1:1 Et2O:pentane, stain in KMnO4) to afford the 
ketoaldehyde as a yellow-brown oil. The title compound was then distilled with the 
Kugelrohr under vacuum at 65 °C to afford a colorless oil (2.907 g, 59% yield). 
 
4) Preparation of 5-(benzyloxy)-4-oxopentanal 
 
To a flame-dried 2-neck round bottom flask equipped with a reflux condenser and 
a stir bar was added ground magnesium turnings (148 mg, 6.1 mmol). The apparatus was 
flamed dried three times and put under positive N2 pressure. A crystal of I2 was added, 
and the magnesium was suspended in THF (6 mL, 1.0 M). Next, 1-bromobutene (0.61 
mL, 6.0 mmol) was added slowly, and the reaction was warmed to 65 °C and refluxed for 
2 hours. Of this stock solution, 4.9 mL was transferred to a flame-dried round bottom 
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flask equipped with a stir bar. The solution was cooled to 0 °C, and benzyloxyacid 
aldehyde (0.5 mL, 3.56 mmol) was added dropwise as a solution in THF (7.12 mL, 0.5 
M). The solution was stirred at 0 °C for 2 hours, then quenched with saturated aqueous 
ammonium chloride solution (5 mL). The mixture was transferred to a separatory funnel 
and washed with 3 x 20 mL EtOAc. The combined organic layers were dried over 
Na2SO4, filtered, and concentrated in vacuo. The bis-homoallylic alcohol was purified by 
column chromatography on SiO2 (5:1 hexanes/ethyl acetate, Rf = 0.19 in 5:1 
hexanes/ethyl acetate, stain in KMnO4) to afford 1-(benzyloxy)hex-5-en-2-ol as a clear, 
colorless oil (625 mg, 85%). 
To a round bottom flask equipped with a stir bar was added 4Å MS. The 
apparatus was flamed dried and placed under positive pressure of N2. Dichloromethane (5 
mL) was charged to the flask, followed by the addition of 1-(benzyloxy)hex-5-en-2-ol 
(550 mg, 2.67 mmol). The remaining DCM (5 mL) and acetonitrile (1 mL) were then 
added to the solution. N-Methylmorpholine N-oxide (468.7 mg, 4.0 mmol) was added in 
a single portion. The flask was sealed with a septum, purged with N2, and allowed to stir 
at room temperature for 20 minutes. Upon the addition of NMO, the solution changed 
color from cloudy white to black. Next, TPAP (46.8 mg, 0.133 mmol) was added as a 
single portion, followed by a N2 purge of the flask atmosphere. The reaction was allowed 
to stir at room temperature until complete by TLC. The solution was then concentrated 
until acetonitrile was removed, redissolved in DCM, filtered over SiO2, and concentrated 
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in vacuo. The resulting oil was used in the next step without further purification (492.2 
mg, 90%). 
To a round bottom flask equipped with a stir bar was added 1-(benzyloxy) 
hex-5-en-2-one (417 mg, 2.0 mmol) and DCM (8.0 mL, 0.25 M). The flask was loosely 
closed with a plastic yellow cap with a N2 source and a vent needle. Next, solution was 
cooled to – 78 °C, the N2 needle removed, and ozone was bubbled through until a blue 
color persisted. The solution was purged with N2 until the blue color dissipated, then 
triphenylphosphine (642 mg, 2.45 mmol) was added in a single portion. The reaction was 
sealed and allowed to warm to room temperature and stir for 14 hours. The solution was 
then the concentrated in vacuo. The resulting mixture was purified by column 
chromatography on SiO2 (3:1 Et2O/pentane, Rf = 0.21 in 3:1 Et2O/pentane, stain in PMA) 
to afford a clear, colorless oil (372.6 mg, 82% yield). The 
1
H and 
13
C spectra were in 
accord with the literature.
32
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 Silva, N. R.; de Magalhaes, G. C. Synth. Commun. 1999, 29 (9), 1477. 
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3.6.3 Representative Procedures for Diboration/Double Allylation 
1) Representative Procedure I, Ozonolysis-Derived Dicarbonyls 
To an oven-dried 2-dram vial equipped with a magnetic stir bar in the glove box 
was added Pt(dba)3 (3 mol%), (R,R)-iPr2-TADDOL-PPh 3.5 (3.6 mol%), B2(pin)2 (1.05 
equiv.), and toluene ([substrate] = 1.0 M). The vial was sealed with a polypropylene cap, 
removed from the glove box, and heated to 80 °C in an oil bath for 20 minutes. The vial 
was cooled to room temperature, returned to the glove box and charged with diene (1.0 
equiv.) The vial was sealed, removed from the glove box, and stirred at 60 °C for 12 
hours. After cooling to room temperature, the dicarbonyl compound (2.0 equiv.) was 
transferred quantitatively to the flask using minimal toluene. The vial was purged with N2, 
sealed and heated to 60 °C for 24 hours. The reaction mixture was then cooled to room 
temperature, transferred to a 6-dram scintillation vial with THF (2 mL), and stirred with 2 
mL of 3 M NaOH for 3 hours. The reaction mixture was diluted with ethyl acetate (5 mL), 
transferred to a separatory funnel and washed with ethyl acetate (3 x 15 mL). The 
combined organic layers were dried over Na2SO4, filtered, and concentrated by rotary 
evaporation. The crude reaction mixture was purified by column chromatography on 
SiO2.  
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2) Representative Procedure II, Neat Dicarbonyls Addition 
To an oven-dried 2-dram vial equipped with a magnetic stir bar in the glove box 
was added Pt(dba)3 (3 mol%), ((R,R)-3,5-iPr2-TADDOL-PPh 3.5 (3.6 mol%), B2(pin)2 
(1.05 equiv.), and toluene ([substrate] = 1.0 M). The vial was sealed with a polypropylene 
cap, removed from the glove box, and heated to 80 °C in an oil bath for 20 minutes. The 
vial was cooled to room temperature, returned to the glove box and charged with diene 
(1.0 equiv.) The vial was sealed, removed from the glove box, and stirred at 60 °C for 12 
hours. After cooling to room temperature, the dicarbonyl compound (1.0 equiv.) was 
added by mass. The vial was purged with N2 , sealed and heated to 60 °C for 24 hours. 
The reaction mixture was then cooled to room temperature, transferred to a 6-dram 
scintillation vial with THF (2 mL), and stirred with 2 mL of 3 M NaOH for 3 hours. The 
reaction mixture was diluted with ethyl acetate (5 mL), transferred to a separatory funnel 
and washed with ethyl acetate (3 x 15 mL). The combined organic layers were dried over 
Na2SO4, filtered, and concentrated by rotary evaporation. The crude reaction mixture was 
purified by column chromatography on SiO2.  
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3.6.4 Characterization and Proof of Stereochemistry 
(1R,2S,3S,4S)-2-methyl-2-(4-methylpent-3-en-1-yl)-3-vinylcycloh
exane-1,4-diol (3.46). The diboration was performed according to 
Representative Diboration/Double Allylation Procedure I with 
(E)-4,8-dimethylnona-1,3,7-triene 3.44 (50.0 mg, 0.33 mmol), Pt(dba)3 (8.9 mg, 9.9 
μmol), (R,R)-iPr2TADDOL-PPh 3.5 (10.8 mg, 11.9 μmol), B2(pin)2 (87.9 mg, 0.35 mmol), 
toluene (0.33 mL, 1.0 M) and succinaldehyde (56.8 mg, 0.66 mmol). The crude reaction 
mixture was purified by column chromatography on SiO2 (75:25 - 60:40 hexanes/ethyl 
acetate, Rf = 0.21 in 50:50 hexanes/ethyl acetate, stain in PMA) to afford a white solid 
(64.0 mg, 81%, d.r. >15:1 syn:anti diol). 
1
H NMR (500 MHz, CDCl3): δ 5.65 (1H, dt, J = 
17.1 Hz, 10.1 Hz), 5.27 (1H, dd, J = 10.0 Hz, 2.2 Hz), 5.19 (1H, ddd, J = 17.1 Hz, 2.2 Hz, 
0.5 Hz), 5.11-5.07 (1H, m), 3.63 (1H, br s), 3.56 (1H, dt, J = 4.6 Hz, 10.5 Hz), 2.04 (1H, t, 
J = 10.0 Hz), 2.00-1.84 (3H, m), 1.79-1.70 (3H, m), 1.69-1.60 (1H, m), 1.65 (3H, d, J = 
1.0 Hz), 1.58 (3H, s), 1.45-1.39 (2H, m), 1.23-1.17 (1H, m), 0.86 (3H, s); 
13
C NMR (125 
MHz, CDCl3): δ 136.1, 131.7, 124.8, 120.7, 70.6, 67.9, 55.2, 40.5, 38.6, 27.2, 27.0, 25.7, 
21.3, 18.3, 17.6; IR (neat): 3382.9 (br), 2966.7 (m), 2931.3 (s), 1444.7 (m), 1378.2 (m), 
1263.1 (w), 1036.5 (m), 995.6 (m), 914.9 (m) cm
-1
; HRMS-(ESI+) for C15H27O2 [M+H]: 
calculated: 239.2011, found: 239.2005. [α]D
23
: +10.98 (c = 0.91, CHCl3, l = 10 mm).  
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Analysis of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the bis(benzoate) of the 
reaction product (prepared using benzoic anhydride, triethylamine, and catalytic DMAP). 
A mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions.  
Chiral SFC (AD-H, Chiraldex, 5 mL/min, 3% i-PrOH, 100 bar, 35 
o
C)-analysis of the 
bis(benzoate) of the reaction product.  
 
 
 
 
199 
 
The absolute stereochemistry was assigned by crystallography using anomalous 
dispersion. Flack parameter = 0.03. 
 
 (S,S)-3.5 ligand used when this crystal structure was obtained. 
 
(1R,2R,3R,4R)-2-methyl-2-(4-methylpent-3-en-1-yl)-3-vinylcycloh
exane-1,4-diol (3.49). The diboration was performed according to 
Representative Diboration/Double Allylation Procedure I with 
(Z)-4,8-dimethylnona-1,3,7-triene 3.47 (50.0 mg, 0.33 mmol), Pt(dba)3 (8.9 mg, 9.9 
μmol), (R,R)-iPr2TADDOL-PPh 3.5 (10.8 mg, 11.9 μmol), B2(pin)2 (87.9 mg, 0.35 mmol), 
toluene (0.33 mL, 1.0 M) and succinaldehyde (56.8 mg, 0.66 mmol). The crude reaction 
mixture was purified by column chromatography on SiO2 (67:33−50:50 hexanes/ethyl 
acetate, Rf = 0.22 in 50:50 hexanes/ethyl acetate, stain in PMA) to afford a colorless oil 
(82.3 mg, 5:1:1 d.r., mixture of three diastereomers and pinacol, combined yield 73%). 
The major diastereomer was isolated after the second column chromatography 
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purification (80:1 dichloromethane/methanol). 
1
H NMR (500 MHz, CDCl3): δ 5.71 (1H, 
dt, J = 17.1 Hz, 10.0 Hz), 5.31 (1H, dd, J = 10.3 Hz, 2.0 Hz), 5.22 (1H, ddd, J = 17.1 Hz, 
2.0 Hz, 0.5 Hz), 5.07-5.03 (1H, m), 3.59 (1H, dd, J = 11.5 Hz, 4.4 Hz), 3.54 (1H, dt, J = 
4.6 Hz, 10.8 Hz), 2.10-2.05 (1H, m), 1.96-1.91 (2H, m), 1.89 (1H, t, J = 9.8 Hz), 
1.81-1.75 (1H, m), 1.65 (3H, d, J = 1.0 Hz), 1.63-1.55 (1H, m), 1.57 (3H, s), 1.46-1.39 
(1H, m), 1.35-1.27 (1H, m), 1.25-1.18 (1H, m), 0.84 (3H, s); 
13
C NMR (125 MHz, 
CDCl3): δ 135.6, 131.6, 124.5, 120.5, 72.2, 67.6, 55.2, 41.0, 37.3, 31.6, 28.4, 25.7, 20.8, 
17.6, 15.0; IR (neat): 3385.9 (br), 2969.5 (m), 2930.5 (s), 1448.9 (m), 1376.7 (w), 1115.7 
(w), 1044.2 (s), 1011.3 (m), 954.1 (m), 915.3 (w) cm
-1
; HRMS-(ESI+) for C15H27O2 
[M+H]: calculated: 239.2011, found: 239.2017. [α]D
23
 = −24.10 (c = 0.93, CHCl3, l = 10 
mm).  
Analysis of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the bis(benzoate) of the 
reaction product (prepared using benzoic anhydride, triethylamine, and catalytic DMAP). 
A mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions.  
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Chiral SFC (AD-H, Chiraldex, 3 mL/min, 5% MeOH, 100 bar, 35 oC)-analysis of 
the bis(benzoate) of reaction product 
 
 
The absolute stereochemistry was assigned by analogy to other products derived 
from (R,R)-iPr2TADDOL-PPh. The relative stereochemistry was determined by NOESY 
analysis of the bis-4-bromobenzoate of the reaction product (prepared using 
4-bromobenzoyl chloride, triethylamine, and DMAP). The following NOEs were 
observed: 
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(1S,2S,3S,4R)-2-methyl-2-(4-methylpent-3-en-1-yl)-3-vinyl-1
,2,3,4-tetrahydronaphthalene-1,4-diol (3.50). The diboration 
was performed according to Representative Diboration/Double 
Allylation Procedure II with (E)-4,8-dimethylnona-1,3,7-triene 3.44 (50.0 mg, 0.33 
mmol), Pt(dba)3 (8.9 mg, 9.9 μmol), (R,R)-iPr2TADDOL-PPh 3.5 (10.8 mg, 11.9 μmol), 
B2(pin)2 (87.9 mg, 0.35 mmol), toluene (0.33 mL, 1.0 M) and phthalaldehyde (44.3 mg, 
0.33 mmol). The crude reaction mixture was purified by column chromatography on SiO2 
(80:20 hexanes/ethyl acetate, Rf = 0.22 in 75:25 hexanes/ethyl acetate, stain in PMA) to 
afford a white solid (78.9 mg, 83% combined yield, d.r. = 2.8:1 syn:anti diol). The two 
diastereomers was separated after purification by column chromatography (85:15–75:25 
hexanes/ethyl acetate). 
1
H NMR (500 MHz, CDCl3): δ 7.63 (1H, d, J = 7.6 Hz), 7.36-7.33 
(1H, m), 7.az30-7.26 (2H, m), 5.81 (1H, dt, J = 16.9 Hz, 9.8 Hz), 5.33 (1H, dd, J = 10.3 
Hz, 2.0 Hz), 5.30 (1H, ddd, J = 16.9, 2.0, 0.5 Hz), 5.16-5.12 (1H, m), 4.48 (1H, d, J = 9.5 
Hz), 4.35 (1H, s), 2.54 (1H, t, J = 9.8 Hz), 2.20-2.13 (1H, m), 2.06-1.98 (1H, m), 1.68 
(3H, s), 1.63 (3H, s), 1.61-1.55 (1H, m), 1.28-1.22 (1H, m), 0.81 (3H, s); 
13
C NMR (125 
MHz, CDCl3): δ 137.0, 136.9, 136.2, 131.5, 129.9, 128.7, 128.1, 127.9, 124.8, 120.2, 
73.8, 69.2, 52.4, 39.5, 37.8, 25.7, 21.2, 17.7, 16.4; IR (neat): 3374.0 (br), 2966.1 (m), 
2921.7 (m), 1453.5 (w), 1380.0 (m), 996.9 (s), 918.1 (w), 765.0 (m), 745.8 (s) cm
-1
; 
HRMS-(ESI+) for C19H25O1 [M+H-H2O]: calculated: 269.1905, found: 269.1909. [α]D
23
: 
-14.37 (c = 1.39, CHCl3, l = 10 mm).  
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Analysis of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the bis(benzoate) of the 
reaction product (prepared using benzoic anhydride, triethylamine, and catalytic DMAP). 
A mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions 
Chiral SFC (AD-H, Chiraldex, 3 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
bis(benzoate) of reaction product. 
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The absolute stereochemistry was assigned by analogy to other products derived 
from (R,R)-iPr2TADDOL-PPh, and reconfirmed by anomalous dispersion effects in 
diffraction measurements on the crystal.  
 
(S,S)-3.5 ligand used when this crystal structure was obtained 
 
(1S,2R,3R,4S)-2-methyl-2-(4-methylpent-3-en-1-yl)-3-vinyl-1
,2,3,4-tetrahydronaphthalene-1,4-diol (3.51). The diboration 
was performed according to Representative Diboration/Double 
Allylation Procedure II with (Z)-4,8-dimethylnona-1,3,7-triene 3.47 (50.0 mg, 0.33 
mmol), Pt(dba)3 (8.9 mg, 9.9 μmol), (R,R)-iPr2TADDOL-PPh 3.5 (10.8 mg, 11.9 μmol), 
B2(pin)2 (87.9 mg, 0.35 mmol), toluene (0.33 mL, 1.0 M) and phthalaldehyde (44.3 mg, 
0.33 mmol). The crude reaction mixture was purified by column chromatography on SiO2 
(75:25−60:40 hexanes/ethyl acetate, stain in PMA) to afford a heterogeneous mixture 
(77.5 mg, 82% combined yield, d.r. = 1.2:1 anti:syn diol [with 8% of minor diastereomer 
205 
 
from first allylation]). A second purification was used to separate the two major 
diastereomers (85:15−75:25 hexanes/ethyl acetate). 1H NMR (500 MHz, CDCl3): δ 
7.60-7.55 (2H, m), 7.32-7.27 (2H, m), 5.88 (1H, dt, J = 16.9 Hz, 10.0 Hz), 5.38 (1H, dd, 
J = 10.5 Hz, 2.0 Hz), 5.34 (1H, ddd, J = 17.1 Hz, 2.0 Hz, 0.5 Hz), 5.10-5.07 (1H, m), 
4.79 (1H, d, J = 4.6 Hz), 4.58 (1H, d, J = 9.8 Hz), 2.34 (1H, t, J = 9.8 Hz), 2.03 (2H, q, J 
= 7.9 Hz), 1.67 (3H, d, J =0.7 Hz), 1.64-1.58 (1H, m), 1.59 (3H, s), 1.38-1.32 (1H, m), 
0.81 (3H, s); 
13
C NMR (125 MHz, CDCl3): δ 138.2, 136.1, 135.3, 131.7, 128.0, 127.4, 
127.3, 126.1, 124.3, 120.1, 72.3, 69.3, 53.9, 41.3, 37.1, 25.7, 21.0, 17.7, 14.9; IR (neat): 
3383.9 (br), 2967.6 (m), 2921.7 (s), 1452.2 (m), 1380.2 (m), 1129.0 (w), 1027.2 (m), 
1010.3 (s), 918.0 (w), 762.1 (s), 680.7 (w), 668.1 (w) cm
-1
; HRMS-(ESI+) for C19H25O1 
[M+H-H2O]: calculated: 269.1905, found: 269.1902. [α]D
23
= +16.63 (c = 0.60, CHCl3, l = 
10 mm). Rf = 0.32 in 75:25 hexanes/ethyl acetate. 
Analysis of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the bis(benzoate) of the 
reaction product (prepared using benzoic anhydride, triethylamine, and catalytic DMAP). 
A mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions.  
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Chiral SFC (AD-H, Chiraldex, 1.5 mL/min, 4% MeOH, 100 bar, 35 
o
C)-analysis of the 
bis(benzoate) of reaction product.  
 
 
The absolute stereochemistry was assigned by analogy to other products derived 
from (R,R)-iPr2TADDOL-PPh. The relative stereochemistry was determined by NOESY 
analysis. The following NOEs were observed: 
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(1S,2R,3S,4R)-2-methyl-2-(4-methylpent-3-en-1-yl)-3-vinyl-1
,2,3,4-tetrahydronaphthalene-1,4-diol (the syn-diastereomer 
of 3.51). Rf = 0.27 in 67:33 hexanes/ethyl acetate. 
1
H NMR (500 
MHz, CDCl3): δ 7.62 (1H, d, J = 7.3 Hz), 7.37-7.33 (1H, m), 7.30-7.28 (2H, m), 5.88 (1H, 
dt, J = 16.9 Hz, 9.9 Hz), 5.34-5.29 (2H, m), 4.92-4.88 (1H, m), 4.57 (1H, dd, J = 9.5 Hz, 
4.7 Hz), 4.47 (1H, s), 2.66 (1H, t, J = 9.7 Hz), 2.02-1.93 (1H, m), 1.89-1.81 (1H, m), 1.58 
(3H, d, J = 0.7 Hz), 1.46 (3H, s), 1.41-1.35 (1H, m), 1.13-1.01 (1H, m), 1.09 (3H, s); 
13
C 
NMR (125 MHz, CDCl3): δ 137.2, 136.8, 136.2, 131.6, 129.8, 128.7, 128.2, 128.1, 124.4, 
120.2, 74.2, 69.2, 52.6, 40.2, 32.7, 25.6, 22.3, 21.8, 17.4; IR (neat): 3301.5 (br s), 2966.1 
(s), 2923.5 (m), 2864.7 (w), 1453.9 (w), 1040.8 (m), 1005.5 (s), 987.2 (s), 926.8 (m), 
765.8 (w), 743.7 (w) cm
-1
; HRMS-(ESI+) for C19H25O1 [M+H-H2O]: calculated: 
269.1905, found: 269.1902. [α]D
23= −108.00 (c = 0.37, CHCl3, l = 10 mm).   
Analysis of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the bis(benzoate) of the 
reaction product (prepared using benzoic anhydride, triethylamine, and catalytic DMAP). 
A mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions.  
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Chiral SFC (AD-H, Chiraldex, 3 mL/min, 5% MeOH, 100 bar, 35 
o
C)-analysis of the 
bis(benzoate) of the minor diastereomer of the reaction product.  
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The absolute stereochemistry was assigned by crystallography using anomalous 
dispersion. Flack parameter = 0.34. 
 
(S,S)-3.5 used when this crystal structure was obtained 
 
(1R,2R,3S,4S)-2-(((tert-butyldiphenylsilyl)oxy)methyl)-2-methyl-
3-vinylcyclohexane-1,4-diol (3.52). The diboration was performed 
according the Representative Procedure I with slight modification 
using (E)-tert-butyl((2-methylpenta-2,4-dien-1-yl)oxy)diphenylsilane (111.0 mg, 0.33 
mmol), Pt(dba)3 (8.9 mg, 9.0 µmol), (S,S)-3,5-di-iso-propylphenyl-PPh 3.5 (10.8 mg, 
12.0 µmol), B2(pin)2 (88.0 mg, 0.35 mmol), toluene (0.33 mL, 1.0M), and 
succinaldehyde (56.8 mg, 0.66 mmol). Upon completion of the double allylation, the 
mixture was transferred to a 6-dram scintillation vial with 2 mL of THF and cooled to 
0 °C. To the solution was then added 2 mL pH 7 buffer, followed by the dropwise 
addition of 30% H2O2. The mixture was allowed to stir and warmed to room temperature 
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over 6 hours, then quenched with a saturated solution of sodium thiosulfate (2 mL). The 
reaction mixture was then diluted with ethyl acetate (5 mL) and isolated as previously 
described. The crude reaction mixture was purified by column chromatography on SiO2 
(70:30 - 40:60 hexanes/ethyl acetate, Rf = 0.28 in 50:50 hexanes/ethyl acetate, stain in 
PMA) to afford a clear, colorless oil (99.5 mg, 71%, d.r. = 10:1 syn:anti diol). 
1
H NMR 
(500 MHz, CDCl3): δ 7.66 - 7.62 (4H, m), 7.45 - 7.35 (6H, m), 5.56 (1H, dt, J = 17.1 Hz, 
10.0 Hz), 5.23 - 5.16 (2H, m), 4.07 (1H, br s), 3.82 (1H, t, J = 2.7 Hz), 3.60 (1H, dt, J = 
9.8 Hz, 6.9 Hz), 3.51 (1H, d, J = 10.3 Hz), 3.44 (1H, d, J = 10.3 Hz), 2.58 (1H, dd, J = 
10.0 Hz, 9.8 Hz), 1.87 - 1.82 (2H, m), 1.80 - 1.66 (3H, m), 1.06 (9H, s), 0.69 (3H, s); 
13
C 
NMR (125 MHz, CDCl3): δ 135.8, 135.7, 135.61, 135.48, 135.55, 135.4, 132.3, 132.1, 
130.0, 129.90, 127.82, 127.76, 127.74, 120.9, 77.2, 74.0, 71.5, 68.3, 49.0, 42.0, 27.2, 
26.91, 26.86, 26.82, 19.1, 16.4; IR (neat): 3424.6 (br w), 3071.2 (w), 29292 (m), 2856.7 
(w), 1784.4 (w), 1470.5 (2), 1442.5 (w), 1427.4 (m), 1390.2 (w), 1361.5 (w), 1264.8 (w), 
1109.7 (w), 1078.1 (s), 1031.9 (m), 999.4 (m), 966.3 (w), 938.7 (w), 822.0 (m), 740.8 (m), 
701.4 (s), 614.0 (m), 504.2 (s) cm
-1
; HRMS-(ESI+) for C26H37O3Si [M+H]: calculated: 
425.2512, found: 245.2515; [α]D
22
: -10.37 (c = 2.890, CHCl3, l = 10 mm).  
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Analysis of Stereochemistry:  
The enantioselectivity was determined by SFC analysis of the reaction product. A 
mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions.  
 
Chiral SFC (AD-H, Chiraldex, 3 mL/min, 8% i-PrOH, 100 bar 35 °C) - analysis of 
reaction product. 
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The absolute stereochemistry was assigned by analogy to other products derived 
from (S,S)-iPr2TADDOL-PPh. The relative stereochemistry was assigned by NOESY 
analysis. The following NOEs were observed:  
 
 
(1R,4S,5S)-5-vinylspiro[5.5]undecane-1,4-diol (3.53). The diboration was 
performed according to Representative Diboration/Double Allylation 
Procedure I with allylidenecyclohexane (40.3 mg, 0.33 mmol), Pt(dba)3 (8.9 
mg, 9.9 μmol), (R,R)-iPr2TADDOL-PPh 3.5 (10.8 mg, 11.9 μmol), B2(pin)2 (87.9 mg, 
0.35 mmol), toluene (0.33 mL, 1.0 M) and succinaldehyde (56.8 mg, 0.66 mmol). The 
crude reaction mixture was purified by column chromatography on SiO2 (67:33−50:50 
hexanes/ethyl acetate) to afford a colorless oil (4.8 mg, 7%, anti diol) and a white solid 
(44.0 mg, 63%, syn diol, Rf = 0.14 in 50:50 hexanes/ethyl acetate, stain in PMA). 
1
H 
NMR (500 MHz, CDCl3): δ 5.72 (1H, dt, J = 16.9 Hz, 10.3 Hz), 5.31 (1H, dd, J = 10.0 
Hz, 2.2 Hz), 5.18 (1H, ddd, J = 16.9 Hz, 2.2 Hz, 0.5 Hz), 4.20 (1H, t, J = 2.9 Hz), 3.59 
(1H, dt, J = 4.5 Hz, 10.8 Hz), 2.05 (1H, t, J = 10.0 Hz), 1.90-1.83 (1H, m), 1.81-1.77 (1H, 
m), 1.76-1.08 (12H, m); 
13
C NMR (125 MHz, CDCl3): δ 136.1, 121.1, 67.5, 65.8, 55.0, 
40.9, 32.1, 28.6, 27.4, 26.33, 26.29, 21.2, 21.1; IR (neat): 3320.4 (br), 2923.0 (s), 2858.2 
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(m), 1451.1 (m), 1089.6 (w), 1064.7 (m), 1023.9 (m), 993.9 (s), 970.5 (m), 912.6 (m), 
634.2 (m) cm
-1
; HRMS-(ESI+) for C13H21O1 [M+H-H2O]: calculated: 193.1592, found: 
193.1596. [α]D
23
 = −46.83: (c = 0.64, CHCl3, l = 10 mm).  
Analysis of Stereochemistry: 
The enantioselectivity was determined by SFC analysis of the bis(benzoate) of the 
reaction product (prepared using benzoic anhydride, triethylamine, and catalytic DMAP). 
A mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions.  
Chiral SFC (AD-H, Chiraldex, 3 mL/min, 10% MeOH, 100 bar, 35 
o
C)-analysis of the 
bis(benzoate) of reaction product. 
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The absolute stereochemistry was assigned by crystallography using anomalous 
dispersion. Flack parameter = 0.18. 
 
(S,S)-iPr2TADDOL-PPh used when this crystal structure was obtained 
 
(1R,2R,3S,4S)-2-pentyl-3-vinylcyclohexane-1,4-diol (3.54). The 
diboration was performed according to Representative 
Diboration/Double Allylation Procedure I with slight modification 
using (Z)-nona-1,3-diene (41.0 mg, 0.33 mmol), Pt(dba)3 (8.9 mg, 9.9 µmol), 
(R,R)-iPr2TADDOL-PPh 3.5 (10.8 mg, 19.8 µmol), B2(pin)2 (87.9 mg, 0.35 mmol), and 
THF (0.66 mL, 0.5 M). After cooling to room temperature, the diboration reaction solvent 
was removed in vacuo. The reaction mixture was transferred to a vial containing 
succinaldehyde (85.2 mg, 0.99 mmol) with 0.5 mL DCM (0.5 M), purged with N2, sealed 
and stirred at room temperature for 24 hours. Upon completion, the reaction mixture was 
warmed to room temperature, transferred to a 6-dram scintillation vial with THF (2 mL), 
215 
 
and stirred with 2 mL of 3M NaOH for 3 hours. the reaction mixture was diluted with 
ethyl acetate (5 mL), transferred to a separatory funnel and washed with ethyl acetate (3 x 
15 mL). The combined organic layers were dried over Na2SO4, filtered, and concentrated 
by rotary evaporation. The crude reaction mixture was purified twice by column 
chromatography on silica gel (70:30 - 40:60 hexanes/ethyl acetate, then 30:1 - 20:1 
DCM/methanol. Rf = 0.19 in 25:1 DCM/methanol, stain in PMA) to afford a single 
diastereomer of the title compound as a white solid (27.0 mg, 39%). 
1
H NMR (500 MHz, 
CDCl3): δ 5.50 (1H, dt, J = 17.1 Hz, 10.0 Hz), 5.24 (1H, dd, J = 10.0 Hz, 1.7 Hz), 5.17 
(1H, dd, J = 17.1 Hz, 2.0 Hz), 3.44 (1H, dt, J = 10.3 Hz, 4.7 Hz), 3.26 - 3.21 (1H, m), 
2.05 - 1.98 (2H, m), 1.96-1.95 (1H, m), 1.81 (1H, ddd, J = 9.5 Hz, 9.5 Hz, 9.5 Hz), 1.61 - 
1.54 (1H, m), 1.41 - 1.31 (3H, m), 1.30 - 1.16 (9H, m), 0.85 (3H, t, J = 7.1 Hz); 
13
C NMR 
(125 MHz, CDCl3): δ 138.9, 119.2, 71.4, 71.3, 53.6, 45.8, 33.0, 32.4, 31.0, 28.2, 23.8, 
22.6, 14.0; IR (neat): 3344.0 (m br), 3075.9 (2), 2921.1 (s), 2873.4 (s), 2859.6 (s), 1643.0 
(2), 1456.7 (m), 1354.3 (m), 1151.0 (w), 1113.7 (w), 1069.7 (m), 1032.4 (s), 990.0 (m), 
915.2 (m), 724.9 (2), 682.8 (m), 567.2 (w); HRMS-(ESI+) for C13H23O1 [M+1-H2O]: 
calculated: 195.1749, found: 195.1746. [α]D
23
: -11.04 (c = 0.905, CHCl3, l = 10 mm).  
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Analysis of Stereochemistry:  
The enantioselectivity was determined by SFC analysis of the bis(benzoate) of the 
reaction product prepared using benzoic anhydride, triethylamine, and catalytic DMAP). 
A mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions.  
Chiral SFC (AD-H, Chiraldex, 3 mL/min, 5% MeOH, 100 bar, 35 °C) - analysis of the 
bisbenzoate of the reaction product. 
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The absolute stereochemistry was assigned by analogy to other products derived 
from (R,R)-iPr2TADDOL-PPh. The relative stereochemistry was assigned by 2D-NMR 
analysis. A COSY was used to elucidate the identity of the carbinol signals, and the 
following NOE was observed during NOESY analysis: 
 
 
(1R,2S,3S,4R)-2,5,5-trimethyl-2-(4-methylpent-3-en-1-yl)-3-v
inylcyclohexane-1,4-diol (3.57): The diboration was performed 
according to Representative Diboration/Double Allylation 
Procedure I with slight modification using (E)-4,8-dimethylnona-1,3,7-triene 3.44 (75.1 
mg, 0.50 mmol), Pt(dba)3 (13.5 mg, 15.0 µmol), (R,R)-iPr2TADDOL-PPh 3.5 (16.4 mg, 
18.0 µmoll), B2(pin)2 (133.3 mg, 0.525 mmol), and toluene (0.5 mL, 1.0 M). After 
cooling to room temperature, the reaction mixture was transferred to a vial containing 
2,2-dimethylsuccinaldehyde (28.5 mg, 0.25 mmol) using minimal toluene. The crude 
reaction mixture was purified on SiO2 (10:1 - 30:70 hexanes/ethyl acetate, Rf = 0.24 in 
6:1 hexanes/ethyl acetate, stain in PMA) to afford a single diastereomer of the title 
compound as a yellow oil (36.4 mg, 54% yield, >20:1 dr). 
1
H NMR (500 MHz, CDCl3): δ 
5.65 (1H, dt, J = 16.9 Hz, 10.0 Hz), 5.28 (1H, dd, J = 9.2 Hz, 2.0 Hz), 5.19 (1H, dd, J = 
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16.9 Hz, 2.0 Hz), 5.10 (1H, dt, J = 7.1 Hz, 1.2 Hz), 3.63 (1H, t, J = 2.9 Hz), 3.34 (1H, d, 
J = 10.8 Hz), 2.23 (1H, t, J = 10.3 Hz), 1.99 - 1.86 (2H, m), 1.65 (3H, s), 1.63 - 1.54 (2H, 
m), 1.58 (3H, s), 1.46 - 1.39 (2H, m), 1.23 - 1.17 (2H, m), 1.09 (3H, s), 1.02 (3H, s), 0.88 
(3H, s); 
13
C NMR (125 MHz, CDCl3): δ 136.6, 131.7, 124.8, 120.7, 74.8, 72.6, 50.9, 41.5, 
41.1, 38.5, 34.8, 30.9, 25.7, 22.0, 21.3, 18.2, 17.6; IR (neat): 3477.0 (br m), 3072.6 (w), 
2965.6 (s), 2922.1 (s), 1636.5 (w), 1452.4 (m), 1377.6 (m), 1363.9 (m), 1260.0 (m), 
1092.3 (m), 1037.8 (s), 1019.4 (s), 1000.5 (s), 965.6 (m), 919.8 (m), 882.7 (w), 811.0 (w), 
743.3 (w), 663.7 (w), 539.5 (w), 522.6 (w), 455.7 (w), 445.4 (w), 416.5 (w); 
HRMS-(ESI+) for C17H29O1 [M+H-H2O]: calculated: 249.2218, found: 249.2228; [α]D
22
: 
-88.65 (c = 1.465, CHCl3, l = 10 mm).  
Analysis of Stereochemistry:  
Due to difficulties in dervitizing the title compound with a chromophore, the 
enantioselectivity was assigned by analogy to diboration/double allylation products 
derived from the geranial-diene 3.44 and (R,R)-iPr2TADDOL-PPh 3.5. The absolute 
stereochemistry was assigned by analogy to other products derived from 
(R,R)-iPr2TADDOL-PPh. The relative stereochemistry was assigned by NOESY analysis. 
The following NOEs were observed: 
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(1S,2S,3S,4R)-1,3-dimethyl-3-(4-methylpent-3-en-1-yl)-2-vinylc
yclohexane-1,4-diol (3.59): The diboration/double allylation was 
performed according to Representative Diboration/Double 
Allylation Procedure II using (E)-4,8-dimethylnona-1,3,7-triene 3.44 (50 mg, 0.33 mmol), 
Pt(dba)3 (8.9 mg, 9.0 µmol), (R,R)-iPr2TADDOL-PPh 3.5 (10.8 mg, 12.0 µmol), B2(pin)2 
(88.0 mg, 0.35 mmol), toluene (0.33 mL, 1.0 M), and 4-oxopentenal (33.0 mg, 0.33 
mmol). The crude reaction mixture was purified twice on SiO2 (first purification: 70:30 - 
40:60 hexanes/ethyl acetate, Rf = 0.26 in 25:1 DCM/methanol, stain in PMA) to afford a 
clear, colorless oil (64.9 mg, 78%, 11:1 syn:anti diol). A second purification on SiO2 
(25:1 DCM/methanol) was used to separate the diastereomers. 
1
H NMR (500 MHz, 
CDCl3): δ 5.73 (1H, dt, J = 16.9 Hz, 10.3 Hz), 5.23 (1H, dd, J = 10.3 Hz, 2.4 Hz), 5.14 
(1H, dd, J = 16.9 Hz, 2.2 Hz), 5.11 - 5.07 (1H, m), 3.61 (1H, t, J = 3.4 Hz), 2.18 (1H, d, J 
= 10.5 Hz), 1.99 - 1.92 (2H, m), 1.89 - 1.81 (2H, m), 1.76 - 1.72 (2H, m), 1.65 (3H, s), 
1.59 - 1.55 (1H, m), 1.59 (3H, s), 1.43 (1H, br s), 1.39 (1H, br s), 1.34 - 1.29 (2H, m), 
1.18 (3H, s), 0.91 (3H, s); 
13
C NMR (125 MHz, CDCl3): δ 135.0, 131.6, 124.9, 120.4, 
71.4, 71.3, 57.7, 39.9, 38.5, 33.5, 26.6, 25.7, 25.6, 21.6, 19.1, 17.6; IR (neat): 3416.7 (m 
br), 3072.0 (w), 2965.8 (m), 2924.9 (s), 1634.8 (w), 1451.3 (m), 1419.2 (w), 1381.8 (s), 
1328.1 (w), 1279.5 (w), 1197.2 (m), 1107.7 (m), 1062.9 (s), 1039.9 (m), 1017.4 (s), 974.0 
(m), 910.0 (s), 883.8 (w), 833.5 (w), 809.4 (w), 651.9 w), 548.3 (w), 448.1 (w); 
220 
 
HRMS-(ESI+): for C16H27O1 [M+1-H2O]: calculated: 235.20619, found: 235.20727. 
[α]D
22
:  -52.58 (c = 0.95, CHCl3, l = 10 mm). 
Analysis of Stereochemistry:  
The enantioselectivity was determined by SFC analysis of the mono(benzoate) of 
the reaction product (prepared using benzoic anhydride, triethylamine, and catalytic 
DMAP). A mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions.  
Chiral SFC (AD-H, Chiraldex, 1.5 mL/min, 5% MeOH, 100 bar, 35 
o
C)- analysis of 
reaction  the mono(benzoate) of reaction product.                   
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The absolute stereochemistry was assigned by analogy to other products derived 
from (R,R)-iPr2TADDOL-PPh. The relative stereochemistry was assigned by NOESY 
analysis. The following NOEs were observed: 
 
 
(1R,2R,3S,4R)-1-((benzyloxy)methyl)-3-methyl-3-(4-methylpe
nt-3-en-1-yl)-2-vinylcyclohexane-1,4-diol (3.60): The 
diboration/double allylation was performed according to 
Representative Diboration/Double Allylation Procedure II using 5-(benzyloxy)-4- 
oxopentanal (50 mg, 0.33 mmol) Pt(dba)3 (8.9 mg, 9.0 µmol), (R,R)-iPr2TADDOL-PPh 
3.5 (10.8 mg, 12.0 µmol)), B2(pin)2 (88.0 mg, 0.35 mmol), toluene (0.33 mL, 1.0 M), and 
4-oxopentenal (68.0 mg, 0.33 mmol). The crude reaction mixture was purified on SiO2 
(5:1 - 3:1 hexanes/ethyl acetate, Rf = 0.26 in 1:1 hexanes/ethyl acetate, stain in PMA) to 
afford a colorless oil (71.0 mg, 60%, d.r. = > 20:1 syn:anti diol). 
1
H NMR (500 MHz, 
CDCl3): δ 7.34 - 7.31 (2H, m), 7.29 - 7.25 (3H, m), 5.60 (1H, dt, J = 16.6 Hz, 10.0 Hz), 
5.13 (1H, tt, J = 7.1 Hz, 1.5 Hz), 5.07 - 5.01 (2H, m), 4.50 (1H, d, J = 12.0 Hz), 4.45 (1H, 
d, J = 12.0 Hz), 3.59 (1H, dd, J = 10.0 Hz, 3.7 Hz), 3.32 (1H, d, J = 9.1 Hz), 3.18 (1H, d, 
J = 8.8 Hz), 2.66 (1H, s), 2.41 (1H, d, J = 10.0 Hz), 2.07 - 1.98 (2H, m), 1.95 - 1.85 (2H, 
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m), 1.75 - 1.70 (1H, m), 1.66 (3H, s), 1.65 - 1.53 (2H, m), 1.60 (3H, s), 1.38 (1H, br s), 
1.32 - 1.26 (1H, m), 0.87 (3H, s); 
13
C NMR (125 MHz, CDCl3): δ 138.1, 135.7, 131.0, 
128.3, 127.6, 127.5, 125.4, 118.2, 76.9, 74.9, 73.4, 72.8, 54.0, 39.9, 33.7, 30.2, 26.2, 25.7, 
23.9, 22.4, 17.6; IR (neat): 3444.4 (br w), 3069.4 (w), 3029.0 (w), 2961.9 (m), 2928.8 
(m), 2859.1 (m), 1496.4 (w), 1452.8 (m), 1375.4 (m), 1252.1 (w), 1202.2 (w), 1092.4 (s), 
1058.7 (s), 1028.5 (m), 998.5 (m), 915.4 (m), 839.7 (w), 735.9 (s), 697.5 (s), 579.1 (w), 
357.4 (w), 412.5 (m); HRMS-(ESI+): for C23H33O2 [M+H-H2O]: calculated: 342.2481, 
found: 341.2475. [α]D
22
: -52.58 (c = 0.95, CHCl3, l = 10 mm). 
Analysis of Stereochemistry:  
The enantioselectivity was determined by SFC analysis of the reaction product. A 
mixture of the products made using (R,R)-iPr2TADDOL-PPh and (S,S)-iPr2TADDOL- 
PPh as the ligands in the diboration reaction were used to determine separation 
conditions.  
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Chiral SFC (AD-H, Chiraldex, 3.0 mL/min, 5% i-PrOH, 100 bar, 35 °C) - analysis of 
reaction product. 
 
 
The absolute stereochemistry was assigned by analogy to other products derived 
from (R,R)-iPr2TADDOL-PPh. The relative stereochemistry was determined by NOESY 
analysis. The following NOEs were observed: 
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(1R,2R,3R,4R)-1,3-dimethyl-3-(4-methylpent-3-en-1-yl)-2-vinyl
cyclohexane-1,4-diol (3.61): The diboration/double allylation was 
performed according to Representative Diboration/Double 
Allylation Procedure II with slight modification using (Z)-4,8-dimethylnona-1,3,7-triene  
3.47 (1.476 g, 9.822 mmol), Pt(dba)3 (88.2 mg, 98.2 µmol), (R,R)-iPr2TADDOL-PPh 3.5 
(107.2 mg, 117.8 μmol), B2(pin)2 (2.619 g, 10.31 mmol), toluene (9.8 mL, 1.0 M), and 
4-oxopentenal (1.18 g, 11.79 mmol) in a large pressure vessel. The crude reaction mixture 
was purified twice on SiO2 (first purification: 70:30 - 40:60 hexanes/ethyl acetate, second 
purification: 30:1 - 20:1 DCM/methanol, Rf = 0.25 in 25:1 DCM/methanol, stain in PMA) 
to afford a clear, colorless oil (1.66 g, 67%, d.r. = 5:1 anti:syn diol). 
1
H NMR (500 MHz, 
CDCl3): δ 5.82 (1H, dt, J = 17.1 Hz, 10.3 Hz), 5.29 (1H, dd, J = 10.3 Hz, 2.2 Hz), 5.19 
(1H, dd, J = 17.1 Hz, 2.4 Hz), 5.02 (1H, dt, J = 7.1 Hz, 1.0 Hz), 3.56 (1H, dd, J = 10.8 Hz, 
3.4 Hz), 2.05 (1H, d, J = 10.5 Hz), 2.00 (1H, br s), 1.91 (2H, dd, J = 7.8  Hz, 7.6 Hz), 
1.80 - 1.75 (2H, m), 1.64 (3H, s), 1.62 - 1.47 (2H, m), 1.56 (3H, s), 1.42 - 1.36 (2H, m), 
1.23 - 1.17 (1H, m), 1.18 (3H, s), 0.89 (3H, s); 
13
C NMR (125 MHz, CDCl3): δ 134.7, 
131.5, 124.5, 120.5, 72.9, 71.1, 57.3, 40.5, 38.7, 38.0, 28.2, 25.7, 25.1, 21.2, 17.6, 16.0; 
IR (neat): 3420.2 (br m), 3072.3 (w), 2968.6 (m), 2924.9 (s), 2872.4 (m), 1634.7 (w), 
1555.5 (m), 1450.1 (m), 1381.7 (m), 1312.5 (w), 1130.2 (m), 1075.3 (s), 1037.0 (s), 
1001.3 (m), 951.8 (s), 916.0 (s), 879.2 (w), 832.1 (w), 812.0 (w), 670.6 (m), 558.0 (w), 
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437.3 (w); HRMS-(ESI+): for C16H27O1 [M+H-H2O]: calculated 235.2062, found: 
235.2070. [α]D
23
: +6.70 (c = 1.490, CHCl3, l = 10 mm). 
Analysis of Stereochemistry:  
The enantioselectivity was determined by SFC analysis of the mono(benzoate) of 
the reaction product (prepared using benzoic anhydride, triethylamine, and catalytic 
DMAP). A mixture of the products made using (R,R)-iPr2TADDOL-PPh and 
(S,S)-iPr2TADDOL-PPh as the ligands in the diboration reaction were used to determine 
separation conditions.  
Chiral SFC (AD-H, Chiraldex, 1.5 mL/min, 5% MeOH, 100 bar, 35 
o
C)- analysis of 
mono(benzoate) of reaction product. 
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The relative stereochemistry was assigned by NOESY analysis. The following 
NOEs were observed: 
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Chapter 4 
4 Synthesis of Geminal Bis(boronic) Esters and Their 
Deborylative Alkylation via-Boryl Carbanion 
 
4.1 Introduction 
Alkyl boronic esters and their derivatives (e.g. boronic acids and trifluoroborates) 
are versatile building blocks in organic synthesis, which can be converted to a variety of 
valuable compounds by oxidation,
1
 amination,
2
 homologation,
3
 cross coupling 
reactions
4
 and other boron-based transformations.
5
 Conventional methods for the 
                                                 
 
1
 (a) Brown, H. C.; Snyder, C.; Subba Rao, B. C.; Zweifel, G. Tetrahedron 1986, 42, 5505. (b) Zweifel, G.; 
Brown, H. C. Org. React. 1963, 13, 1.  
2
 (a) Mlynarski, S. N.; Karns, A. S.; Morken, J. P. J. Am. Chem. Soc. 2012, 134, 16449. (b) Bagutski, V.; 
Elford, T. G.; Aggarwal, V. K. Angew. Chem., Int. Ed. 2011, 50, 1080. (c) Hupe, E.; Marek, I.; Knochel, P. 
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108, 6761. 
3
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Matteson, D. S. Chem. Rev. 1989, 89, 1535. (f) Matteson, D. S.; Sadhu, K. M.; Lienhard, G. E. J. Am. 
Chem. Soc. 1981, 103, 5241. For asymmetric homologation by Aggarwal and Hoppe, see: (g) Scott, H. K.; 
Aggarwal, V. K. Chem. Eur. J. 2011, 17, 13124. (h) J. L. Stymiest, V. Bagutski, R.M. French, V.K. 
Aggarwal, Nature 2008, 456, 778. (i) J. L. Stymiest, G. Dutheuil, A. Mahmood, V. K. Aggarwal, Angew. 
Chem. Int. Ed. 2007, 46, 7491. (j) Hoppe, D.; Hense, T. Angew. Chem. Int. Ed. 1997, 36, 2282.  
4
 Jana, R.; Pathak, T. P.; Sigman, M. S. Chem. Rev. 2011, 111, 1417. 
5
 Hall, D. G. Boronic Acids: Preparation and Applications in Organic Synthesis, Medicine and Materials, 
2nd ed.; Wiley-VCH: Weinheim, Germany, 2011. 
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synthesis of alkyl boronic esters involve addition of highly nucleophilic organometallics 
to borate ester derivatives (e.g. (pin)BOMe),
6
 which suffers from poor functional group 
tolerance. Recently, transition metal-catalyzed olefin hydroboration,
7
 borylation of 
organohalides,
8
 ,-unsaturated carbonyls 9  and even unactivated alkanes 10  have 
emerged as powerful protocols to construct alkyl boronic esters. 
Deprotonation of an existing boronic ester 4.1 followed by electrophilic trap 
would offer another straightforward approach to more complicated alkyl boronic esters 
such as 4.2 (Scheme 4.1, eq. 1). However, this strategy was proved in general ineffective 
                                                 
 
6
 (a) Brown, H. C.; Cole, T. E. Organometallics 1983, 2, 1316. (b) Hawkins, V. F; Wilkinson, M. C.; 
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7
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due to the complexation between the base and Lewis acidic boron atom (Scheme 4.1, eq. 
2). To avoid this interaction, bulky bases (e.g. LiTMP) were usually employed and large 
ligand frameworks on boron (e.g. L = mesityl) were essential, which rendered both 
substrate synthesis and product application more complicated.
11
 Direct -deprotonation 
of boronic esters could only be realized in the presence of additional anion stabilizing 
group (S, Si, B or phenyl) on the -carbon.12,13,14 
Scheme 4.1 Synthesis of Alkyl Boronic Ester by Deprotonation/Electrophilic Trap 
 
Recently, asymmetric synthesis of boronic esters via Pd-catalyzed stereospecific 
cross coupling of geminal diboron species has started to attract considerable attention. In 
2011, Hall and co-workers reported the first synthesis of enantioenriched 1,1-bis(boronic) 
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J. Am. Chem. Soc. 1978, 100, 1325. Trialkylsilyl: (c) Matteson, D. S.; Majumdar, D. Organometallics 1983, 
2, 230.  
13
 Boronate (i.e., deprotonation of geminal bis(boronates)): Matteson, D. S.; Moody, R. J. Organmetallics 
1982, 1, 20. 
14
 Phenyl: Matteson, D. S.; Moody, R. J. Organometallics, 1982, 1, 20. 
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esters 4.4 using Cu-catalyzed conjugate borylation of ,-unsaturated esters 4.3 bearing a 
B(dan) group (Scheme 4.2).
15
 Upon treatment of KHF2, the B(pin) moiety in 4.4 was 
converted to trifluoroborate salt, which was then coupled with aryl halide in the presence 
of Pd(OAc)2 and XPhos to furnish benzylic boronic ester 4.6 in high yield and excellent 
stereospecificity with inversion of configuration at carbon center.  
 
Scheme 4.2 Synthesis and Application of 1,1-Diboron by Cu-Catalyzed Enantioselective 
Conjugated Borylation and Pd-Catalyzed Stereospecific Cross Coupling 
 
 
In 2013, Yun and co-workers developed a Cu-catalyzed enantioselective 
hydroboration of vinyl boronic esters such as 4.8 to access enantiomerically enriched 
bis(boronic) esters 4.9.
16
 In the absence of an ester group, Pd-catalyzed cross coupling 
                                                 
 
15
 Lee, J. C. H.; McDonald, R.; Hall, D. G. Nat. Chem. 2011, 3, 894 
16
 Feng, X.; Jeon, H.; Yun, J. Angew. Chem. Int. Ed. 2013, 52, 3989. 
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reaction of 4.10 with an aryl halide generated benzylic boronic ester 4.11 in poor yield 
and with stereoretention at the -carbon center (Scheme 4.3). 
 
Scheme 4.3 Synthesis of 1,1-Diboron by Cu-Catalyzed Hydroboration of Vinyl Boronate 
and Pd-Catalyzed Cross Coupling with Stereoretention 
 
 
In 2010, Shibata and co-workers explored cross coupling reactions starting from 
prochiral 1,1-bis(boronic) acid pinacol esters 4.13 (Scheme 4.4, eq. 1).
17
 Subsequent 
studies in our laboratory revealed the same type of reaction with 
enantiotopic-group-selectivity, featuring stereoinvertive transmetalation of activated 
diboryl species to a palladium complex (Scheme 4.4, eq. 2).
18
 This is in line with the 
discoveries by Aggarwal and co-workers that activated boron “ate” complex could react 
                                                 
 
17
 Endo, K.; Ohkubo, T.; Hirokami, M.; Shibata, T. J. Am. Chem. Soc. 2010, 132, 11033. 
18
 Sun, C.; Porter, B.; Morken, J. P. J. Am. Chem. Soc. 2014, 136, 6534.  
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with electrophiles with stereoinversion.
19
 We anticipated that similar reactivity pattern 
might be observed with bis(boronic) esters 4.13 when the Pd complex was replaced with 
alkyl halides, perhaps through diboron “ate” complex 4.16, thereby enabling synthesis of 
boronic ester 4.18 (Scheme 4.5).  
 
Scheme 4.4 Pd-catalyzed Cross Coupling of Prochiral Geminal Bis(boronic) Acid 
Pinacol Esters 
 
 
Scheme 4.5 Proposed Deborylative Alkylation of Geminal Bis(boronic) Esters 
 
 
                                                 
 
19
 (a) Larouche-Gauthier, R.; Elford, T. G.; Aggarwal, V. K. J. Am. Chem. Soc. 2011, 133, 16794. (b) 
Mohiti, M.; Rampalakos, C.; Feeney, K.; Leonaori, D.; Aggarwal, V. K. Chem. Sci. 2014, 5, 602. 
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In this chapter, I will describe the development of a practical and scalable 
synthesis of geminal bis(boronic) esters, and their application in transition metal-free 
deborylative alkylation to synthesize alkyl boronic esters, as well as the unexpected 
discovery of previously elusive -boryl carbanion 4.17 as the reaction intermediate. 
 
4.2 Background 
The unique reactivity of alkyl geminal dimetalated species, especially 
boron-containing compounds, has been well documented.
20
 In 1961, H. C. Brown and 
George Zweifel reported the first synthesis of alkyl 1,1-diborane compounds by 
bis(hydroboration) of terminal alkynes (Scheme 4.6).
21
 It was found that the products 
such as 4.19 were exceedingly sensitive to hydrolytic conditions and lost one of the two 
boryl groups, thus generating 1-hexanol as the major product after oxidation. Converting 
4.19 to less Lewis acidic bis(boronic) acids 4.20 allowed formation of aldehydes under 
neutral oxidation conditions. 9-BBN was later reported as the optimal reagent for 
1,1-bis(hydroboration) of terminal alkyne in terms of yield and selectivity.
22
  
 
                                                 
 
20
 Marek, I.; Normant, J-F. Chem. Rev. 1996, 96, 3241. 
21
 (a) Brown, H. C.; Zweifel, G. J. Am. Chem. Soc. 1961, 83, 3834. (b) Zweifel, G.; Arzoumanian, H. J. Am. 
Chem. Soc. 1967, 89, 291 
22
 Brown, H. C.; Rhodes, S. P. J. Am. Chem. Soc. 1969, 91, 4306. 
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Scheme 4.6 1,1-Bis(hydroboration) of Terminal Alkynes 
 
 
Following studies disclosed unexpected deborylative alkylation of 1,1-diboranes: 
upon treatment of methyllithium, “ate” complex 4.21 was formed and reacted with an 
alkyl halide to generate borane 4.23, perhaps through the intermediacy of -boryl 
carbanion 4.22, which could be stabilized by resonance with 9-BBN moiety.
22,23
 For 
example, when the bis(hydroboration) product of propargyl bromide was treated with 
methyllithium, intramolecular alkylation provided cyclopropyl borane, which was 
oxidized and isolated as cyclopropanol in 70% yield (Scheme 4.7). 
 
 
 
 
                                                 
 
23
 (a) Zweifel, G.; Arzoumanian, H. Tetrahedron Lett. 1966, 2535. (b) Zweifel, G.; Fisher, R. P.; Horng, A. 
Synthesis 1973, 37. 
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Scheme 4.7 Deborylative Alkylation of 1,1-Diboranes 
 
Despite the appealing results in the pioneering studies on geminal diboranes, it is 
not until recently that the reactions with their analogous geminal bis(boronic) esters were 
extensively explored.
24
 This delay may simply be attributed to a lack of a practical and 
scalable synthetic method which allows a rapid entry into the field of gem-bis(boronic) 
esters. 
In 1968, Matteson and co-workers developed the synthesis of tetra-,
25
 tri- and 
diboronate methane.
26
 As depicted in Scheme 4.8, these reactions could be scaled-up 
with cheap starting materials, but the yields were not satisfactory. Although the extremely 
                                                 
 
24
 Shimizu, M.; Hiyama, T. Proc. Jpn. Acad., Ser. B 2008, 84, 75. 
25
 Castle, R. B.; Matteson, D. S. J. Am. Chem. Soc 1968, 90, 2194. 
26
 Castle, R. B.; Matteson, D. S. J. Organometal. Chem. 1969, 20, 19. 
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exothermic and explosive nature significantly limited the application of this method, for 
more than three decades it was the only available synthetic approach to poly(boronic) 
esters. 
 
Scheme 4.8 Synthesis of Tetra-, Tri- and Diboronate Methane 
 
 
Matteson and co-workers also synthesized different tetra(boronic) esters 4.27 
including pinacol derivatives via transesterification of 4.24. They discovered that in the 
presence of strong base (e.g. lithium methoxide, methyllithium or alkyl Grignard reagent), 
4.27 underwent deborylation to form -triboryl carbanion 4.28, which could be trapped 
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with a variety of electrophiles (Scheme 4.9).
27
 This was consistent with the reactivity of 
1,1-diboranes as illustrated in Scheme 4.7. Triboronate methane also shared the same 
reactivity pattern. However, such type of transformation with diboronate methane was not 
reported. 
 
Scheme 4.9 Deborylation and Electrophilic Trap of Tetraboronate Methane 
 
 
In 1982, Matteson demonstrated that LiTMP could readily deprotonate diboronate 
methane 4.29 to form-diboryl carbanion 4.30, which reacted with an aldehyde to form a 
vinyl boronic ester (boron-Wittig type reaction). The intermediate then underwent 
                                                 
 
27
 (a) Matteson, D. S.; Thomas, J. R. J. Organometal. Chem. 1970, 24, 263. (b) Matteson, D. S.; Davis, R. 
A.; Hagelee, L. A. J. Organometal. Chem. 1974, 69, 45. (c) Matteson, D. S.; Tripathy, P. B. J. Organometal. 
Chem. 1974, 69, 53. (d) Matteson, D. S. Synthesis 1975, 147. 
240 
 
oxidation to provide a strategy for single-carbon homologation from aldehyde 4.31 to 
4.32 (Scheme 4.10).
14
 More importantly, 4.30 could react with alkyl halide to furnish 
substituted bis(boronic) ester 4.33. One example was provided that 4.33 could be further 
deprotonated and alkylated, thereby forming internal geminal bis(boronate) ester 4.34 
(Scheme 4.11). This allowed the synthesis of more complicated bis(boronic) esters from 
readily available substrates. 
 
Scheme 4.10 Formation of Diboryl Carbanion and Reaction with Aldehyde 
 
 
Scheme 4.11 Deprotonation/Alkylation of Geminal Bis(boronic) Esters 
 
 
In 2001, Srebnik and co-workers reported the first synthesis of diboronate 
methane 4.35 by a Pt-catalyzed 1,1-diboration of diazomethane with B2(pin)2 (Scheme 
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4.12, eq. 1).
28
 Despite the limited substrate scope, this transformation allowed 
preparation of geminal bis(boronic) acid pinacol esters under mild conditions. This 
method was further studied and optimized by Kingsbury et al. with a broader range of 
substrates (eq. 2).
29
 It is noteworthy that in line with 1,1-diboranes, the product 4.36 
underwent deborylation alkylation with alkyl halides upon treatment of methyllithium, 
possibly via -boryl carbanion (eq. 3).30  
 
Scheme 4.12 Preparation of Geminal Bis(boronic) Esters from Diazo Compounds 
 
 
                                                 
 
28
 (a) Abu Ali, H.; Goldberg, I.; Srebnik, M. Organometallics 2001, 20, 3962. (b) Abu Ali, H.; Goldberg, I.; 
Kaufmann, D.; Burmeister, C.; Srebnik, M. Organometallics 2002, 21, 1870. 
29
 Wommack, A. J.; Kingsbury, J. S. Tetrahedron Lett. 2014, 55, 3163. 
30
 This work was published when our manuscript was in preparation, and the reaction was only applicable 
to benzylic bis(boronic) esters. Reactions using alkyl bis(boronic) esters under Kingsbury’s conditions were 
tested and will be discussed in Section 4.4.4. 
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The Wang group showed that stable N-tosylhydrazones could be utilized as 
starting material to generate diazoalkanes in situ, followed by reaction with B2(pin)2 to 
furnish geminal bis(boronic) esters under thermal conditions in the absence of a transition 
metal (Scheme 4.13).
31
 While broad substrate scope was investigated and the yield was 
in general moderate to good, formation of explosive alkyl diazo compounds under 
thermal conditions raises a safety concern, making this reaction less appealing. 
 
Scheme 4.13 Preparation of Geminal Bis(boronic) Esters from N-Tosylhydrazones  
 
 
A more practical preparation of 1,1-bis(boronic) esters was accomplished by 
Shibata and co-workers.
32
 Similar to non-catalytic bis(hydroboration) developed by 
Brown and Zweifel, Rh(I)-catalyzed double addition of HB(pin) across terminal alkynes 
favored 1,1-diboronate over 1,2-diboronate (Scheme 4.14). Sensitive functional groups 
(e.g. aryl bromide and silyl-protected alcohol) were tolerated, as well as sterically 
encumbered substrates. However, considerable amount (12-24%) of reduction product 
(terminal monoboronate) was observed in most cases, lowering the yield of the desired 
                                                 
 
31
 Li, H.; Shangguan, X.; Zhang, Z.; Huang, S.; Zhang, Y.; Wang, J. Org. Lett. 2014, 16, 448. 
32
 Endo, K.; Hirokami, M.; Shibata, T. Synlett 2009,1331. 
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product. Furthermore, this method does not provide access to non-substituted diboronate 
methane or -disubstituted diborons, which significantly limits the substrate scope of this 
reaction.  
 
Scheme 4.14 Rh-Catalyzed Bis(hydroboration) of Terminal Alkynes 
 
 
In summary, only a handful of synthetic methods are available to construct 
geminal bis(boronic) esters and each has its own limitations. Undoubtedly, the 
development of a practical and scalable method for the preparation of geminal 
bis(boronic) esters is highly desirable. Also, based on the results of Zweifel (Scheme 4.7) 
and Matteson (Scheme 4.9), it is reasonable to consider that the deborylative alkylation of 
geminal bis(boronic) esters could be realized under appropriate conditions. 
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4.3 Development of a Synthesis of Geminal Bis(boronic) Esters 
Transition metal-catalyzed borylation of alkyl halides is a powerful strategy to 
construct alkylboronic esters.
8
 In particular, Liu and Ito groups independently reported 
Cu-catalyzed borylation of unactivated primary and secondary halides under mild 
conditions with high efficiency (Scheme 4.15, eq. 1 and 2).
8b,c 
It drew our attention that in 
Ito’s work one example of bis(borylation) of 1,1-dibromide 4.37 was provided as shown 
in eq. 3. Although higher catalyst loading, higher temperature, extended reaction time and 
lower yield suggested that 4.37 was a worse substrate than simple alkyl halides, we 
believed that this method could be optimized to serve as a general, practical and scalable 
synthetic approach to geminal bis(boronic) esters which might not be easily accessible by 
other means. 
 
Scheme 4.15 Cu-Catalyzed Borylation of Unactivated Primary and Secondary Halides 
 
245 
 
Our initial investigation was performed utilizing 1,1-dibromide 4.39, which could 
be easily synthesized from the corresponding aldehyde on a large scale. To our surprise, 
under Ito’s condition, the desired bis(boronic) ester 4.40 was mixed with monobromide 
4.41 and monoboronic ester 4.42 in a ratio of 1.0:1.7:2.3 and isolated in only 13% yield 
(Scheme 4.16, eq. 1). In contrast, the reaction under Liu’s condition provided 4.40 in 
superior yield and neither 4.41 nor 4.42 was observed in crude 
1
H NMR (eq. 2). It is 
noteworthy that in both reactions the monoborylation product, -bromoboronic ester 4.43, 
was not detected at all. By employing one equivalent of B2(pin)2, which should allow 
conversion of only one equivalent of C-Br bonds to C-B(pin), 4.40 was afforded as the 
sole product cleanly with the remaining starting material (eq. 3), indicating that 4.43 was 
much more reactive than 4.39. Both Liu and Ito proposed that the Cu-catalyzed 
borylation may involve a radical pathway. We reasoned that the radical intermediate in 
the second borylation could be stabilized by delocalizing the electron density to the 
vacant p orbital of the adjacent boron atom, thereby lowering the energy barrier for the 
second borylation and accelerating the reaction. 
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Scheme 4.16 Initial Investigation of Cu-Catalyzed Borylation of 1,1-Dibromide 
 
 
Subsequent efforts were focused on a short survey targeting conditions with 
higher efficiency. DMF as solvent was essential to maintain high reactivity and suppress 
side reactions. Lithium methoxide remained unchanged since it is one of the most mild 
alkoxide bases, which is beneficial to functional group tolerance. Copper(I) chloride 
performed similarly as copper(I) iodide. Surprisingly, an identical yield was achieved in 
the absence of phosphine ligand. A small collection of mono- and bidentate phosphine 
ligands, as well as N,N-type ligands were also surveyed, giving inferior results in most 
cases.
33
 Thus, the ligand-free condition was used in the following studies.  
                                                 
 
33
 Phosphine ligands: PPh3, PCy3, Xantphos, dppe, dppp and dppf; N,N-type ligands: 1,10-phenanthroline, 
4,4'-di-tert-butyl-2,2'-dipyridine and N,N’-dimethylethylenediamine. 
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With the optimal conditions in hand, selected examples of 1,1-dibromides were 
prepared from aldehydes and converted to the corresponding 1,1-bis(boronic) esters in 
high yield (Table 4.1). Both dibromination and borylation reactions could be readily 
performed on a gram scale. In particular, when commercially available dibromomethane 
was employed as the starting material, diboronate methane 4.35 could be synthesized on 
16 gram scale without column chromatography, serving as a fundamental building block 
for construction of other geminal bis(boronate) esters (see Table 4.2). The borylation can 
also be applied to sterically encumbered dibromide (4.45) and substrates with protected 
alcohol (4.46 and 4.47). Internal gem-dibromides were not investigated due to the 
difficulty of their preparation.  
 
Table 4.1 Substrate Scope of Cu-Catalyzed Borylation of 1,1-Dibromide 
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We then applied Matteson’s deprotonation/alkylation strategy to readily accessible 
4.35 to build up substituted diborons on up to 10 gram scale (Table 4.2). Compound 4.40 
could undergo a second deprotonation/alkylation to construct internal geminal 
bis(boronic) esters (4.49 and 4.50). Alkylation of 4.40 with bromocyclopropane was 
unsuccessful and an alternative C-C bond formation between lithiated cyclopropyl- 
substituted diboron and (2-bromoethyl)benzene had to be performed for the preparation 
of 4.51. When 1,n-dihalides were utilized, lithiated diborons could be alkylated only once 
to furnish gem-bis(boronic) esters bearing a halogen-containing side chain (4.52-4.57). 
 
Table 4.2 Deprotonation/Alkylation of 1,1-Bis(boronic) Esters 
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In summary, based on Liu and Ito’s research, we have developed a 
copper-catalyzed bis(borylation) of 1,1-dibromides as a synthetically practical and 
scalable method for the construction of 1,1-bis(boronic) esters. Combined with the 
deprotonation/alkylation strategy developed by Matteson, a wide range of gem-diborons, 
including internal bis(boronic) esters, could be readily prepared on a large scale. 
 
4.4  Development of Alkoxide-Promoted Deborylative Alkylation of 
Geminal Bis(boronic) Esters34 
4.4.1 Reaction Discovery and Optimization 
With superior methods in hand to access geminal bis(boronic) esters, we started to 
explore the proposed deborylative alkylation of diboron 4.40 with 1-bromododecane as 
the electrophile. As alluded to above, tri- and tetra(boronate) methane could generate 
-boryl-stabilized carbanions when treated with bases such as lithium methoxide and 
methyllithium (Scheme 4.9). While such reactivity of bis(boronic) esters was not reported 
by Matteson, it might be realized under more vigorous conditions. Indeed, when 4.40 was 
heated to 80 °C in DMF in the presence of lithium tert-butoxide, the desired product 4.58 
was detected, along with several unidentifiable byproducts according to TLC, and 4.58 
                                                 
 
34
 Hong, K.; Liu, X.; Morken, J. P. J. Am. Chem. Soc. 2014, 136, 10581. 
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was isolated in 11% yield (Scheme 4.17). In contrast, prior studies in the Morken group 
have revealed that 4.40 could be successfully activated under mild conditions in THF or 
1,4-dioxane in Pd-catalyzed cross coupling reactions.
18
 This led us to conclude that DMF 
was not the optimal solvent. Thus, a systematic survey of bases was undertaken in THF 
(Table 4.3, entries 1-10).  
 
Scheme 4.17 Preliminary Result of Deborylative Alkylation  
 
 
In analogy with our previous work, potassium hydroxide was first examined as 
the activator. In this experiment, no desired alkylation product 4.58 was detected, but a 
small amount of protodeboronation of 4.40 was the only product (Table 4.3, entry 1). 
This outcome was consistent with our proposed reaction in Scheme 4.5, except that the 
activated diboron didn’t react with the alkyl bromide but with H+ from the reaction 
mixture. To favor the desired alkylation pathway, subsequent experiments were 
conducted with stronger alkoxide bases in the absence of H2O. While lithium 
tert-butoxide and sodium isopropoxide performed similarly as KOH (entries 2 and 3), we 
were delighted to observe full conversion of 1-bromododecane when a stronger base, 
sodium tert-butoxide, was employed (entry 4). Besides the desired product 4.58 and 
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protodeboronation, deprotonation/alkylation product 4.59 was also isolated in 8% yield. 
It is noteworthy that when the amount of sodium tert-butoxide was lowered to 1.5 
equivalents, the reaction conversion diminished significantly (entry 5). A subtle change of 
the promoter to slightly more encumbered sodium tert-amylate led to a noticeably 
decrease in reactivity (entry 6), and more hindered NaHMDS resulted in deprotonation of 
4.40 and furnished 4.59 exclusively (entry 7). Potassium tert-butoxide was highly 
effective to deliver the desired product, albeit in lower isolated yield due to dehydro- 
halogenation of 1-bromododecane (entry 9).  
The effect of solvents with different polarity was also investigated. The reaction 
was more sluggish in 1,4-dioxane (entry 10) and only a trace amount of desired product 
was detected in diethyl ether (entry 11). In nonpolar hexanes and toluene, the reaction 
mixture turned to a cloudy gel without formation of 4.58 even after 24 hours (entries 13 
and 14). Addition of potassium tert-butoxide instead of sodium tert-butoxide restored the 
reactivity, although the reaction rate was slower (entry 15). 
In sum, it can be concluded that to effectively promote the reaction the base must 
be strongly nucleophilic (tert-butoxide), and dissociation of the metal alkoxide ion pair 
enhances reactivity (K
+
 > Na
+
 > Li
+
; THF > 1,4-dioxane > toluene). 
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Table 4.3 Optimization of Alkoxide-Promoted Deborylative Alkylation 
a 
 
entry base solvent conversion (%) yield (%) 
1 KOH THF <5 -
b
 
2 LiOt-Bu THF <5 -
b
 
3 NaOi-Pr THF <5 -
b
 
4 NaOt-Bu THF 100 91 
5 NaOt-Bu THF 65 46
c
 
6 NaOt-Amyl THF 85 72 
7 NaN(SiMe3)2 THF 100
d
 - 
8 KOMe THF 30 - 
9 KOt-Bu THF 100 68 
10 NaOt-Bu dioxane 75 70 
11 NaOt-Bu ether <5 -
b
 
12 NaOt-Bu CH2Cl2 <5 -
b
 
13 NaOt-Bu hexanes <5 -
b
 
14 NaOt-Bu toluene <5 -
b
 
15 KOt-Bu toluene 80 76 
a 
Reaction conditions: 1-bromododecane (0.10 mmol, 0.2 M), 4.40 (0.13 mmol) and base (0.30 
mmol). Conversion refers to consumption of 1-bromododecane and was determined by 
1
H NMR 
with 1,3,5-trimethoxybenzene as the internal standard. Yield refers to the isolated yield of 
purified material. 
b
 partial protodeboronation of 4.40. 
c
 1.5 equiv. NaOt-Bu employed instead of 
3.0 equiv. 
d
 exclusively 4.59. 
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4.4.2 Substrate Scope of the Alkoxide-Promoted Deborylative Alkylation 
The substrate scope of the alkoxide-promoted deborylative alkylation was first 
investigated with 1,1-bis(boronic) esters (Table 4.4). As illustrated, monosubstituted 
diborons reacted with a variety of unactivated halides to furnish the corresponding 
secondary boronic esters. Compound 4.58 could be synthesized on a gram scale without 
any modification of the procedure. Besides 1-bromododecane, the chloride analog was 
also a suitable substrate under modified conditions (potassium tert-butoxide in toluene).
35
 
1-Iodododecane reacted efficiently to deliver 4.58 with lower yield which was attributed 
to elimination of the iodide. Sterically demanding diboron 4.45 required extended 
reaction time and slightly elevated temperature to achieve high yield. However, 
diminished reactivity of 4.45 was probably not attributed to the steric hindrance since less 
encumbered 4.38 also required longer reaction time. Secondary bromides were suitable 
substrates (compound 4.63) and notably, the reactivity difference between primary and 
secondary bromides allowed the selective alkylation of the primary one over the 
secondary one (compound 4.64). When more reactive allylic halides were utilized, the 
chlorides underwent the deborylative alkylation much more cleanly than the bromides by 
minimizing the direct substitution between the alkoxide and the halides (compounds 
4.65-4.68). Finally, we were delighted to find that deborylative alkylation of diboronate 
                                                 
 
35
 For discussion on these modified conditions, see Section 4.5. 
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methane 4.35 provided a novel route for single-carbon homologation/borylation of alkyl 
halides (4.69-4.71). It was noticed that unhindered 4.35 was vulnerable to deprotonation 
with NaOt-Bu in THF, and thereby generated other byproducts. This problem was solved 
by conducting the reaction in toluene in the presence of KOt-Bu.  
 
Table 4.4 Substrate Scope of Deborylative Alkylation (Terminal 1,1-Diborons) 
 
a
 This experiment was conducted on 1 g scale. 
b
 2.0 equiv. diboron, 5.0 equiv. KOt-Bu, 
toluene.
 c
 This experiment was conducted for 14 hours. 
d 
This experiment was conducted 
at 40 
o
C. 
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The alkoxide-promoted deborylative alkylation was further examined with 
internal geminal bis(boronic) esters for the construction of tertiary organoboronates 
(Table 4.5). Although in many cases elevated temperature and extended reaction time 
were required, it was remarkable that diboron 4.49 could react with 1-bromododecane 
efficiently at ambient temperature to furnish compound 4.72 in quantitative yield. It was 
more striking that the reaction between 4.49 and secondary bromide could be conducted 
under the same conditions to construct the C-C bond between a quaternary and a tertiary 
carbon (compound 4.74). In contrast, the synthesis of 4.73 and 4.75 required 50 °C and 
extended reaction time. It seemed that the additional aromatic group played an important 
role to enhance the reactivity of the internal geminal bis(boronate) esters. It was also 
notable that geminal bis(boryl)cyclopropane, which was readily prepared from the 
corresponding geminal dibromocyclopropane,36 could be alkylated with good yield and 
outstanding diastereoselectivity (compound 4.76 and 4.77). 
 
 
 
 
 
                                                 
 
36
 Shimizu, M.; Schelper, M.; Nagao, I.; Shimono, K.; Kurahashi, T.; Hiyama, T. Chem. Lett. 2006, 35, 
1222. 
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Table 4.5 Substrate Scope of Deborylative Alkylation (Internal geminal Diborons)  
 
a
 This experiment was conducted at rt for 3 hours. 
b
 This experiment was conducted at 50 
o
C for 14 hours. 
c 
This experiment was conducted at 60 
o
C for 14 hours. 
 
Lastly, the internal geminal bis(boronic) esters bearing a halogen-containing side 
chain (4.52-4.57) were tested for intramolecular ring-forming deborylative alkylation. 
These starting materials were synthesized from mono-alkylation of 1,1-diborons with 
1,n-dihalides (see Table 4.2). As shown in Table 4.6, the deborylative alkylation provided 
a novel route to cyclic organoborons, especially tertiary boronates which are not readily 
available by other methodologies. The reaction tolerates the formation of three- to 
seven-membered rings. When more methylene units were inserted between the diboron 
and the halide, the competing intermolecular alkylation led to significantly diminished 
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yield. It is noteworthy that when a secondary halide was involved, a synthetically useful 
level of stereoselectivity was achieved, furnishing 4.80 as a 7:1 mixture of diastereomers. 
 
Table 4.6 Intramolecular Deborylative Alkylation for the Construction of Carbocyclic 
Organoboronates 
 
a
 This experiment was conducted at rt for 3 hours. 
b
 This experiment was conducted at rt  
for 14 hours. 
c 
This experiment was conducted at 50 
o
C for 14 hours. 
 
4.4.3 Synthetic Utility of Deborylative Alkylation of Geminal Bis(boronic) Esters 
To prove the synthetic value of deborylative alkylation of gem-bis(boronic) esters, 
the construction of pharmaceutically relevant phenethylamines was examined on a large 
scale as shown in Scheme 4.18. Methyl-substituted diboron 4.38 was readily available 
from deprotonation/alkylation of diboronate methane 4.35. The deborylative alkylation of 
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4.38 with benzyl chloride was conducted under nitrogen atmosphere, but the reaction was 
set up without the aid of a glove box. More than 6 grams of 4.62 was isolated in 87% 
yield, and then was converted to the corresponding amine 4.84 on a synthetically useful 
scale under direct amination conditions developed by the Morken group.
2a
 
 
Scheme 4.18 Deborylative Alkylation for the Construction of Phenethylamine Building 
Blocks 
 
 
4.4.4 Reactivity of Geminal Bis(boronic) Esters under Kingsbury’s Conditions 
As mentioned in Section 4.2, when our manuscript was in preparation, Kingsbury 
and co-workers published an optimized version of Srebnik reaction, i.e. Pt-catalyzed 
carbene insertion of diazo compounds into B2(pin)2 for the construction of  internal 
geminal bis(boronic) esters (Scheme 4.12, eq. 2).
29
 In their work, it was disclosed that the 
deborylative alkylation of benzylic geminal diboron 4.36 with alkyl halide could be 
realized in the presence of methyllithium (Scheme 4.12, eq. 3). While such conditions 
weren’t effective for simple bis(boronates) according to Matteson,27 we envisioned that 
the unique reactivity may stem from (1) the lack of an acidic -proton that allows 
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exclusive interaction between methyllithium and Lewis acidic boron atom; or (2) the 
adjacent aromatic group that provides additional stabilization to the reaction intermediate 
(i.e. -boryl carbanion). To verify these hypotheses, several experiments were conducted 
as shown in Scheme 4.19. First, diboron 4.36 was prepared and subjected to Kingsbury’s 
conditions to furnish the desired product 4.85 (eq. 1). Second, the terminal diboron 
analog 4.86 was found to be a suitable substrate, indicating the presence of an acidic 
-proton has little effect on the deborylative alkylation (eq. 2). Finally, when our model 
substrate 4.40 was examined, no desired product 4.58 was detected. Instead, an unusual 
singlet resonance at 0.4 ppm in the crude 
1
H NMR suggested the formation of pinacol 
ester ring-opening product 4.88, which has been reported by Aggarwal et al.
37
 (eq. 3). 
Thus, we concluded that methyllithium was only capable of promoting the deborylative 
alkylation of geminal bis(boronic) esters with additional -stabilizing groups such as 
aromatic groups. 
 
 
 
 
 
                                                 
 
37
 (a) Chen, J. L.-Y.; Scott, H. K.; Hesse, M. J.; Willis, C. L.; Aggarwal, V. K. J. Am. Chem. Soc. 2013, 135, 
5316. (b) Chen, J. L.-Y.; Aggarwal, V. K. Angew. Chem. Int. Ed. 2014, 53, 10992. 
260 
 
Scheme 4.19 Deborylative Alkylation of Geminal Bis(boronic) Esters with 
Methyllithium 
 
 
4.5 Mechanistic Studies for the Deborylative Alkylation 
To further understand the deborylative alkylation of geminal bis(boronic) esters, 
our subsequent efforts were focused on the mechanistic details of the reaction. Besides 
the mechanism proposed in Scheme 4.5 (also shown in Scheme 4.20 as pathway A), the 
generation of carbanion 4.89, which then undergoes alkylation and protodeboronation, is 
another plausible pathway (shown as pathway B). Although it is straightforward that this 
mechanism is not applicable to internal geminal diborons, several lines of evidence were 
observed supporting the existence of this route when terminal diborons are employed. For 
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example, under the optimal conditions, the deborylative alkylation of 4.40 generated not 
only the desired 4.58, but also 4.59 in 8% isolated yield (Scheme 4.21, eq. 1). 
Interestingly, extending the reaction time from 3 hours to 14 hours improved the yield of 
4.58 to 97% with the disappearance of 4.59 (eq. 2), suggesting that 4.59 could be 
converted to 4.58 slowly under standard reaction conditions. Another intriguing 
observation was the formation of bis(alkylation) product 4.93 when 1-chlorododecane 
was utilized (eq. 3). Presumably the less reactive chloride slows down the desired 
deborylative alkylation and allows the competing deprotonation/alkylation to generate 
more 4.59, which could undergo either protodeboronation to 4.58 or another deborylative 
alkylation to furnish 4.93. When toluene was used as the solvent, the deprotonation was 
suppressed such that neither 4.59 nor 4.93 was observed, and 4.58 was isolated in 
excellent yield (eq. 4). 
 
Scheme 4.20 Proposed Reaction Mechanism for Deborylative Alkylation 
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Scheme 4.21 Experimental Support for Proposed Pathway B 
 
 
To figure out whether pathway A or pathway B is predominant, the experiment in 
Scheme 4.22 was conducted. An equimolar mixture of 4.46 and deuterium-labeled 4.40 
were subjected to standard reaction conditions, furnishing 4.94 and deuterium-labeled 
4.58 in 93% yield with only a slight loss of deuterium incorporation. This reaction 
outcome suggests that pathway B does operate, but makes much less contribution than 
pathway A and the latter is the predominant mechanism. 
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Scheme 4.22 Deuterium-labeled Experiment 
 
Regarding the reactive intermediate in pathway A, it is considered that the “ate” 
complex 4.16, generated from complexation between tert-butoxide and bis(boronic) ester, 
could participate in alkylation directly. According to the work by Aggarwal,
19
 this is 
likely a stereoinvertive process as illustrated in Scheme 4.23. Dissociation of the 
activated B(pin) group of 4.16 to generate carbanion 4.17, followed by reaction with the 
electrophile, is another plausible mechanism, presumably leading to racemization at the 
carbon center. It is also possible, although not very likely that stereoretention may be 
observed, if the carbanion is conformationally stable and the alkylation is extremely fast. 
 
Scheme 4.23 Plausible Reactive Species in Deborylative Alkylation 
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To distinguish these two possibilities, the deborylative alkylation in Scheme 4.25 
was performed utilizing 
10
B-labeled enantiomerically enriched geminal bis(boronic) ester 
(S)-
10
B-4.48. As depicted in Scheme 4.24, the synthesis of (S)-
10
B-4.48 features the 
Ni-catalyzed regioselective hydroalumination of terminal alkynes and electrophilic trap 
(4.95→4.96),38 as well as the Cu-catalyzed regio- and enantioselective hydroboration of 
1-borylalkenes (4.97→4.98).16 After the deborylative alkylation, the product enantiomers 
were separated by chiral SFC (supercritical fluid chromatography), and then analyzed by 
mass spectrometry. If the stereoinvertive alkylation of the “ate” complex 4.16 dominates, 
(R)-4.60 should be enriched in 
10
B and (S)-4.60 should be enriched in 
11
B. However, 
identical isotopic distribution of the enantiomers was observed, indicating complete 
racemization during the reaction, which was consistent with either the participation of an 
-boryl carbanion 4.17 or a completely nonstereospecific alkylation of complex 4.16.39 
 
 
 
 
 
                                                 
 
38
 Gao, F.; Hoveyda, A. H. J. Am. Chem. Soc. 2010, 132, 10961. 
39
 Low level of stereospecificity has been observed by Aggarwal in direct electrophilic trapping of the “ate” 
complex, depending on the electrophile and the promoting reagent. See: Reference 19. 
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Scheme 4.24 Synthesis of 
10
B-Labeled Enantioenriched Bis(boronic) Ester 
 
 
 
Scheme 4.25 Deborylative Alkylation with 
10
B-Labeled Enantioenriched Bis(boronic) 
Ester 
 
 
Despite the precedent for the proposed boryl-stabilized carbanion as reactive 
intermediate,
22,23,27,29
 nonstereospecific electrophilic trapping of the “ate” complex cannot 
be excluded without any spectroscopic support. While the preliminary results with 
11
B 
NMR analysis were uninformative due to the presence of multiple boron-containing 
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species, direct evidence for the intermediacy of an -boryl carbanion was obtained 
through 
13
C NMR analysis. As depicted in Scheme 4.26, internal geminal bis(boronic) 
ester 4.99 with 
13
C-labeling at the -carbon position (13C  = 22.5 ppm) was subjected to 
NaOt-Bu in d8-THF. In the first 30 minutes, two new resonances (4.100 and 4.101) were 
observed. The signal at 27.1 ppm (4.100) belongs to the product of protodeboronation of 
4.99 whereas the one at 35.5 ppm (4.101) is proposed to be the “ate” complex. A third 
resonance at 49.1 ppm (4.102) grows more slowly over the course of 3 hours.
40
 Upon 
addition of 1-bromododecane to the reaction mixture, the signal at 49.1 ppm is 
immediately replaced with a resonance at 31.4 ppm, which corresponds to deborylative 
alkylation product 4.103. Based on the reactivity, the resonance at 49.1 ppm (4.102) is 
attributed to the -boryl carbanion. It is noteworthy that the chemical shift of 4.102 is far 
more downfield than is typical for an alkali-metal-derived carbanion (e.g. 
13
C δ = −15.3 
ppm for methyllithium
41
). This can be rationalized as the consequence of delocalization 
of the electron density of the anion with the vacant p orbital of the adjacent boron (C=B 
bonding).
42
 Similar chemical shift was observed when terminal diboron 4.104 was 
deprotonated by LiTMP to generate ,-diboryl carbanion 4.105 (13C δ = 45.1 ppm, 
Scheme 4.27). Another notable feature is that -boryl carbanion 4.102 is extremely 
                                                 
 
40
 As an internal gem-diboron, 4.99 reacts slowly at ambient temperature and requires more than 14 hours 
to achieve full conversion. 
41
 Al-Humydi, A.; Garrison, J. C.; Youngs, W. J.; Collins, S. Organometallics 2005, 24, 193. 
42
 This bonding mode has been noted previously in the Mes2BCH2 anion. See: Reference 11. 
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reactive towards alkylation and clearly deborylation of the “ate” complex is the 
rate-determining step of the overall reaction, at least for this reagent pair (4.99 and 
primary bromide). 
 
Scheme 4.26 
13
C NMR Analysis of Deborylative Alkylation 
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Scheme 4.27 
13
C NMR Spectra of ,-Diboryl Carbanion 
 
 
4.6 Conclusion 
In summary, we have developed synthetically practical and scalable methods for 
the construction of geminal bis(boronic) esters, which have been further demonstrated as 
excellent substrates for the deborylative alkylation under mild conditions to synthesize 
primary, secondary and tertiary alkylboronic esters. Efforts have also been made to prove 
the intermediacy of the previously elusive -boryl carbanion with direct spectroscopic 
support.  
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4.7 Experimental Section 
4.7.1 General Information 
1
H NMR spectra were recorded on either a Varian Gemini-500 (500 MHz), or a 
Varian Inova-500 (500 MHz) spectrometer. Chemical shifts are reported in ppm with the 
solvent resonance as the internal standard (CDCl3: 7.26 ppm, THF-d8: 3.58 ppm). Data 
are reported as follows: chemical shift, integration, multiplicity (s = singlet, d = doublet, t 
= triplet, q = quartet, qi = quintet, sx = sextet, sp = septet, m = multiplet, br = broad), and 
coupling constants (Hz). 
13
C NMR spectra were recorded on either a Varian Gemini-500 
(125 MHz), or a Varian Inova-500 (125 MHz) spectrometer with complete proton 
decoupling. Chemical shifts are reported in ppm with the solvent resonance as the 
internal standard (CDCl3: 77.0 ppm, THF-d8: 67.57 ppm). Infrared (IR) spectra were 
recorded on a Bruker alpha-P Spectrometer. Frequencies are reported in wavenumbers 
(cm
-1
) as follows: strong (s), broad (br), medium (m), and weak (w). High-resolution 
mass spectrometry (DART+) was performed at the Mass Spectrometry Facility, Boston 
College, Chestnut Hill, MA. 
Liquid chromatography was performed using forced flow (flash chromatography) 
on silica gel (SiO2, 230  400 Mesh) purchased from Silicycle. Thin layer 
chromatography (TLC) was performed on 25 μm silica gel glass backed plates from 
Silicycle. Visualization was performed using ultraviolet light (254 nm), phosphomolybdic 
acid (PMA) in ethanol and ceric ammonium molybdate (CAM) in ethanol. 
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Analytical chiral supercritical fluid chromatography (SFC) was performed on a 
TharSFC Method Station II equipped with Waters 2998 Photodiode Array Detector.  
All reactions were conducted in oven- or flame-dried glassware under an inert 
atmosphere of nitrogen or argon. Tetrahydrofuran (THF), diethyl ether, dichloromethane 
and toluene were purified using Pure Solv MD-4 solvent purification system, from 
Innovative Technology, Inc., by passing the solvent through two activated alumina 
columns after being purged with argon. 
Bis(pinacolato)diboron was generously donated by Allychem Co., Ltd. and used 
without further purification. Triethylamine was purchased from Alfa Aesar and distilled 
over calcium hydride prior to use. The following reagents were purchased and used 
without purification: copper(I) iodide (CuI) (Aldrich), lithium 
2,2,6,6-tetramethylpiperidide (LTMP) (Aldrich), sodium tert-butoxide (NaOt-Bu) (Strem), 
palmitic acid-1-
13
C (Cambridge Isotope Laboratories), and N,N-dimethylformamide 
(DMF) (Acros). All other reagents were purchased from either Aldrich, Alfa Aesar or 
Acros and used without further purification.  
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4.7.2 Representative Procedures for Preparation of Geminal Diboronate Esters 
Method A: 
 
The 1,1-dibromide was prepared according to the literature procedure with 
modification.
43
 To a stirred solution of triphenyl phosphite (8.53 g, 27.5 mmol) in 
anhydrous DCM (250 mL) at 78 oC under N2 was added bromine (1.41 mL, 27.5 mmol) 
dropwise. Freshly distilled triethylamine (10.45 mL, 75.0 mmol) and 
hydrocinnamaldehyde (3.29 mL, 25.0 mmol) were added at 78 oC. The reaction mixture 
was allowed to warm to room temperature and stirred for 2 hours. Upon completion, the 
solvent was evaporated in vacuo and the crude reaction mixture was purified on silica gel 
(100% hexanes) to afford the 1,1-dibromide with a small amount of impurity as a pale 
yellow oil (6.18 g, 89%). 
 
(3,3-dibromopropyl)benzene (4.39). 
1
H NMR (500 MHz, CDCl3): 
δ 7.33-7.30 (2H, m), 7.25-7.20 (3H, m), 5.60 (1H, t, J = 6.3 Hz), 
2.88-2.85 (2H, m), 2.73-2.68 (2H, m). 
13
C NMR (125 MHz, CDCl3): δ 139.1, 128.7, 
                                                 
 
43
 Spaggiari, A.; Vaccari, D.; Davoli, P.; Torre, G.; Prati, F. J. Org. Chem. 2007, 72, 2216. 
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128.5, 126.5, 46.7, 45.1, 34.1; IR (neat): 3026.4 (w), 2949.4 (w), 1602.7 (w), 1495.8 (m), 
1453.2 (m), 1157.8 (m), 847.5 (w), 746.7 (s), 697.0 (s), 673.1 (s), 600.2 (m), 551.9 (m), 
490.3 (m) cm
-1
; HRMS-(DART+) for 
12
C9
1
H10
79
Br2 [M]
+·
: calculated: 275.9149, found: 
275.9150. 
In the glove box, an oven-dried 100 mL round-bottom flask with magnetic stir bar 
was charged with CuI (190 mg, 1.00 mmol), LiOMe (949 mg, 25.0 mmol) and B2(pin)2 
(5.08 g, 20.0 mmol). The flask was sealed with a rubber septum, removed from the glove 
box, followed by the addition of DMF (20 mL) under N2. After stirring at room 
temperature for 10 min, a solution of 1,1-dibromide (2.92 g, 10.5 mmol) in DMF (5 mL) 
was added via syringe at room temperature. The reaction mixture was allowed to stir at 
room temperature for 12 hours. Upon completion, 40 mL diethyl ether was added. The 
slurry was filtered through a silica gel plug, rinsed with diethyl ether, and concentrated in 
vacuo. The crude reaction mixture (DMF solution) was directly purified on silica gel 
(hexanes: diethyl ether = 10:1) to afford the desired product as a white solid (3.09 g, 
83%). 
Note: In general, the more expensive B2(pin)2 was the limiting reagent. When the 
dibromide is more precious, B2(pin)2 is used in slight excess. 
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Method B: 
 
In the glove box, an oven-dried 500 mL round-bottom flask with magnetic stir bar 
was charged with CuI (1.428 g, 7.500 mmol), LiOMe (8.543 g, 225 mmol) and B2(pin)2 
(38.09 g, 150.0 mmol). The flask was sealed with a rubber septum, removed from the 
glove box, followed by the addition of DMF (150 mL) under N2. After stirring at room 
temperature for 10 min, dibromomethane (10.53 mL, 150.0 mmol) was added via syringe 
at room temperature. The reaction mixture was allowed to stir at room temperature for 12 
hours. Upon completion, 200 mL diethyl ether was added. The slurry was filtered through 
a silica gel plug, rinsed with diethyl ether, and concentrated in vacuo. The crude reaction 
mixture in DMF was diluted with hexanes (300 mL), washed with H2O (75 mL × 4), 
dried over Na2SO4, then concentrated in vacuo. The desired product 4.35 was obtained as 
a white solid (15.72 g, 78%) and used without further purification. 
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Method C:  
 
In the glove box, an oven-dried 25 mL round-bottom flask with magnetic stir bar 
was charged with LTMP (773 mg, 5.25 mmol). The flask was sealed with a rubber 
septum, removed from the glove box, followed by the addition of THF (20 mL) under N2. 
The reaction mixture was cooled to 0 
o
C, and a solution of 1,1-diborylmethane 4.35 (1.34 
g, 5.00 mmol) in THF (5 mL) was added via syringe and the mixture was allowed to stir 
at 0 °C for 10 minutes. (2-Bromoethyl)benzene (751 L, 5.50 mmol) was added dropwise 
and the reaction was allowed to stir at 0 
o
C for 15 min. Upon completion, the reaction 
mixture was warmed to room temperature, filtered through a silica gel plug, rinsed with 
diethyl ether, and concentrated in vacuo. The crude reaction mixture was purified on 
silica gel (hexanes: diethyl ether = 9:1) to afford the desired product 4.40 as a colorless 
oil (1.54 g, 83%). 
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Method D: 
 
In the glove box, an oven-dried 10 mL round-bottom flask with magnetic stir bar 
was charged with LTMP (155 mg, 1.05 mmol). The flask was sealed with a rubber 
septum, removed from the glove box, followed by the addition of THF (2 mL) under N2. 
The reaction mixture was cooled to 0 
o
C, and a solution of 1,1-diboronate ester 4.40 (372 
mg, 1.00 mmol) in THF (1 mL) was added via syringe and the mixture was allowed to 
stir at 0 °C for 10 minutes. Upon completion, the reaction mixture was transferred 
dropwise via syringe to a second flask containing a solution of 1,4-dibromopentane (273 
L, 2.00 mmol) in THF (5 mL) at 0 °C. The reaction mixture was allowed to stir at 0 oC 
for 15 min, then warmed to room temperature, filtered through a silica gel plug, rinsed 
with diethyl ether, and concentrated in vacuo. The crude reaction mixture was purified on 
silica gel (hexanes: diethyl ether = 9:1) to afford the desired product 4.54 as a white solid 
(449 mg, 86%). 
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Method E:  
 
The gem-diboryl cyclopropane was prepared according to the literature procedure 
with some modification.
44
 An oven-dried 25 mL round-bottom flask with magnetic stir 
bar was charged with B2(pin)2 (508 mg, 2.0 mmol) and (2,2-dibromocyclopropyl)benzene 
(607 mg, 2.20 mmol). The flask was sealed with a rubber septum and purged with N2. 
THF (6 mL) was added and the reaction mixture was cooled to 78 oC. n-BuLi (2.50 M 
in hexanes, 0.88 mL, 2.20 mmol) was added dropwise and the reaction was allowed to 
stir at 78 oC for 10 min, then warmed to room temperature and stirred for 12 hours. The 
reaction mixture was quenched by H2O at 0 
o
C, extracted with diethyl ether, dried over 
Na2SO4, and concentrated in vacuo. The crude reaction mixture was purified on silica gel 
(hexanes: diethyl ether = 9:1) to afford the desired product as a white solid (471 mg, 
64%). 
 
                                                 
 
44
 Shimizu, M.; Schelper, M.; Nagao, I.; Shimono, K.; Kurahashi, T.; Hiyama, T. Chem. Lett. 2006, 35, 
1222. 
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4.7.3 Full Characterization of Geminal Diboronate Esters 
2,2'-(3-phenylpropane-1,1-diyl)bis(4,4,5,5-tetramethyl-1,
3,2-dioxaborolane) (4.40). Prepared according to 
Representative Procedure (Method A or Method C). 
1
H 
NMR (500 MHz, CDCl3): δ 7.26-7.23 (2H, m), 7.18-7.14 
(3H, m), 2.60-2.57 (2H, m), 1.88-1.83 (2H, m), 1.24 (12H, s), 1.23 (12H, s), 0.81 (1H, t, J 
= 7.8 Hz). The 
1
H NMR spectrum was in accord with previously reported data.
45
  
 
2,2'-(2-phenylethane-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane) (4.48). Prepared according to Representative 
Procedure (Method C) with LTMP (424 mg, 2.88 mmol), 
diborylmethane 4.35 (734 mg, 2.74 mmol), benzyl bromide 
(356 L, 3.01 mmol), and THF (13 mL). The crude reaction mixture was purified on 
silica gel (hexanes: diethyl ether = 9:1) to afford the desired product as a colorless oil 
(753 mg, 77%). 
1
H NMR (500 MHz, CDCl3): δ 7.25-7.20 (4H, m), 7.13-7.09 (1H, m), 
2.88 (2H, d, J = 8.3 Hz), 1.20-1.15 (1H, m), 1.18 (12H, s), 1.17 (12H, s); 
13
C NMR (125 
MHz, CDCl3): δ 144.5, 128.3, 128.0, 125.3, 83.1, 31.3, 24.8, 24.5; IR (neat): 2976.9 (w), 
2930.2 (w), 1454.0 (w), 1357.5 (m), 1311.7 (s), 1267.1 (m), 1135.9 (s), 969.6 (m), 850.9 
                                                 
 
45
 Sun, C.; Porter, B.; Morken, J. P. J. Am. Chem. Soc. 2014, 136, 6534. 
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(m), 732.2 (w), 697.6 (m), 528.3 (w) cm
-1
; HRMS-(DART+) for 
12
C20
1
H33
11
B2
16
O4 
[M+H]
+
: calculated: 359.2565, found: 359.2565. 
 
2,2'-(cyclohexylmethylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxa
borolane) (4.45). The reaction was performed according to 
Representative Procedure (Method A) with CuI (19.1 mg, 0.1 
mmol), LiOMe (94.9 mg, 2.5 mmol), B2(pin)2 (508 mg, 2.0 
mmol), (dibromomethyl) cyclohexane (313 mg, 1.2 mmol) and DMF (2 mL). The crude 
reaction mixture was purified by column chromatography on silica gel (10:1 
hexanes/diethyl ether, stain in CAM) to afford a white solid (239 mg, 68%). 
1
H NMR 
(500 MHz, CDCl3): δ 1.78-1.57 (6H, m), 1.35-1.20 (2H, m), 1.23 (12H, s), 1.22 (12H, s), 
1.12-1.04 (1H, m), 0.95-0.87 (2H, m), 0.64 (1H, d, J = 10.3 Hz). The 
1
H NMR spectrum 
was in accord with previously reported data.
45 
 
bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methane 
(4.35). The reaction was performed according to 
Representative Procedure (Method B). 
1
H NMR (500 MHz, 
CDCl3): δ 1.23 (24H, s), 0.35 (2H, s). The 
1
H NMR spectrum was in accord with 
previously reported data.
45 
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2,2'-(1,4-diphenylbutane-2,2-diyl)bis(4,4,5,5-tetramethyl-1,
3,2-dioxaborolane) (4.49). The reaction was performed 
according to Representative Procedure (Method C) with 
diboronate ester 4.40 (372 mg, 1.00 mmol), LTMP (155 mg, 
1.05 mmol), benzyl bromide (131 L, 1.10 mmol) and THF (5 mL). The crude reaction 
mixture was purified by column chromatography on silica gel (20:1 – 10:1 
hexanes/diethyl ether, stain in CAM) to afford a white solid (353 mg, 76%). 
1
H NMR 
(500 MHz, CDCl3): δ 7.34-7.32 (2H, m), 7.24-7.19 (4H, m), 7.16-7.09 (4H, m), 3.08 (2H, 
s), 2.66-2.63 (2H, m), 1.82-1.79 (2H, m), 1.27 (12H, s), 1.23 (12H, s); 
13
C NMR (125 
MHz, CDCl3): δ 143.5, 141.7, 129.7, 128.5, 128.1, 127.8, 125.6, 125.4, 83.3, 34.8, 33.9, 
31.7, 25.1, 24.7; IR (neat): 2976.9 (w), 2926.6 (w), 1452.6 (m), 1350.0 (m), 1308.0 (s), 
1247.6 (m), 1207.6 (m), 1134.4 (s), 967.8 (w), 848.6 (m), 698.0 (s), 578.9 (w), 492.7 (w) 
cm
-1
; HRMS-(DART+) for 
12
C28
1
H41
11
B2
16
O4 [M+H]: calculated: 463.3191, found: 
463.3204. 
 
2,2'-(1-phenyloct-7-ene-3,3-diyl)bis(4,4,5,5-tetramethyl-1,3,
2-dioxaborolane) (4.50). The reaction was performed 
according to Representative Procedure (Method C) with 
diboronate ester 4.40 (186 mg, 0.50 mmol), LTMP (77.3 mg, 
0.525 mmol), 5-bromo-1-pentene (65 L, 0.55 mmol) and THF (2.5 mL). The crude 
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reaction mixture was purified by column chromatography on silica gel (20:1 
hexanes/diethyl ether, stain in CAM) to afford a white solid (195.2 mg, 89%). 
1
H NMR 
(500 MHz, CDCl3): δ 7.26-7.23 (2H, m), 7.20-7.19 (2H, m), 7.15-7.12 (1H, m), 5.86 (1H, 
ddt, J = 17.1, 10.3, 6.9 Hz), 5.01 (1H, ddt, J = 17.1, 2.0, 1.5 Hz), 4.93 (1H, ddt, J = 10.3, 
2.4, 1.0 Hz), 2.52-2.49 (2H, m), 2.10-2.06 (2H, m), 1.91-1.88 (2H, m), 1.74-1.71 (2H, m), 
1.41-1.35 (2H, m), 1.23 (24H, s); 
13
C NMR (125 MHz, CDCl3): δ 143.8, 139.3, 128.5, 
128.1, 125.4, 114.0, 83.0, 34.5, 33.8, 31.9, 28.7, 26.6, 24.8, 24.7; IR (neat): 2975.6 (w), 
2917.6 (w), 1354.0 (w), 1309.2 (s), 1249.5 (m), 1135.3 (s), 966.9 (w), 849.1 (m), 750.5 
(w), 699.6 (m), 669.0 (w) cm
-1
. 
 
2,2'-(cyclopropylmethylene)bis(4,4,5,5-tetramethyl-1,3,2-dioxa
borolane) (4.108). The reaction was performed according to 
Representative Procedure (Method E) with (dibromomethyl) 
cyclopropane (470.6 mg, 2.20 mmol), B2(pin)2 (508.0 mg, 2.00 
mmol), n-BuLi (2.50 M, 0.88 mL, 2.20 mmol) and THF (6 mL). The crude reaction 
mixture was purified by column chromatography on silica gel (15:1 – 9:1 hexanes/diethyl 
ether, stain in CAM) to afford a white solid (116.8 mg, 19%). The 
1
H NMR spectrum was 
in accord with previously reported data.
46
 
                                                 
 
46
 Li, H.; Shangguan, X.; Zhang, Z.; Huang, S.; Zhang, Y.; Wang, J. Org. Lett. 2014, 16, 448. 
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2,2'-(1-cyclopropyl-3-phenylpropane-1,1-diyl)bis(4,4,5,5-tet
ramethyl-1,3,2-dioxaborolane) (4.51). The reaction was 
performed according to Representative Procedure (Method C) 
with diboronate ester 4.108 (116.0 mg, 0.377 mmol), LiTMP 
(58.3 mg, 0.396 mmol), (2-bromoethyl)benzene (0.057 mL, 0.415 mmol) and THF (2 
mL). The crude reaction mixture was purified by column chromatography on silica gel 
(30:1 – 20:1 hexanes/diethyl ether, stain in CAM) to afford a white solid (116.2 mg, 75%). 
1
H NMR (500 MHz, CDCl3): δ 7.26-7.21 (4H, m), 7.15-7.12 (1H, m), 2.73-2.70 (2H, m), 
1.90-1.86 (2H, m), 1.22 (24H, s), 0.97-0.91 (1H, m), 0.46-0.38 (4H, m); 
13
C NMR (125 
MHz, CDCl3): δ 144.2, 128.5, 128.1, 125.3, 82.8, 35.9, 34.8, 24.8, 24.7, 12.9, 3.6; IR 
(neat): 2977.0 (w), 1345.8 (m), 1311.2 (s), 1247.3 (m), 1213.1 (w), 1187.6 (w), 1131.8 (s), 
967.6 (m), 848.2 (s), 826.2 (w), 757.5 (w), 741.6 (w), 699.8 (m), 668.5 (w), 601.8 (w), 
494.2 (w) cm
-1
; HRMS-(DART+) for 
12
C24
1
H38
11
B2
16
O4 [M]
+·
: calculated: 412.2956, 
found: 412.2967. 
 
2,2'-(2-phenylcyclopropane-1,1-diyl)bis(4,4,5,5-tetramethyl-1,
3,2-dioxaborolane) (4.109). The reaction was performed 
according to Representative Procedure (Method E). 
1
H NMR 
(500 MHz, CDCl3): δ 7.25-7.23 (2H, m), 7.21-7.17 (2H, m), 
7.12-7.08 (1H, m), 2.47 (1H, dd, J = 7.3, 5.9 Hz), 1.52 (1H, dd, J = 5.4, 3.4 Hz), 
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1.27-1.22 (1H, m), 1.222 (6H, s, overlap), 1.215 (6H, s, overlap), 0.99 (6H, s), 0.94 (6H, 
s); 
13
C NMR (125 MHz, CDCl3): δ 140.9, 128.3, 127.8, 125.8, 82.88, 82.86, 26.7, 24.83, 
24.81, 24.7, 24.2, 14.1; IR (neat): 2977.5 (m), 2930.2 (w), 1379.1 (s), 1342.6 (s), 1298.8 
(m), 1215.2 (w), 1148.2 (s), 1113.9 (m), 968.0 (w), 851.2 (m), 696.3 (w) cm
-1
; 
HRMS-(DART+) for 
12
C21
1
H33
11
B2
16
O4 [M+H]
+
: calculated: 371.2565, found: 371.2568. 
 
2,2'-(1-chloro-5-phenylpentane-3,3-diyl)bis(4,4,5,5-tetramet
hyl-1,3,2-dioxaborolane) (4.52). The reaction was performed 
according to Representative Procedure (Method D) with 
diboronate ester 4.40 (186 mg, 0.50 mmol), LTMP (77.3 mg, 
0.525 mmol), 1-bromo-2-chloro ethane (83 L, 1.0 mmol) and THF (2.5 mL). The crude 
reaction mixture was purified by column chromatography on silica gel (10:1 
hexanes/diethyl ether, stain in CAM) to afford a white solid (178 mg, 82%). 
1
H NMR 
(500 MHz, CDCl3): δ 7.27-7.24 (2H, m), 7.19 (2H, d, J = 7.3 Hz), 7.15 (1H, t, J = 7.3 
Hz), 3.62 (2H, t, J = 8.3 Hz), 2.57-2.53 (2H, m), 2.20 (2H, t, J = 8.3 Hz), 1.90-1.87 (2H, 
m), 1.23 (24H, s); 
13
C NMR (125 MHz, CDCl3): δ 143.1, 128.4, 128.2, 125.6, 83.3, 43.5, 
33.9, 33.1, 32.4, 24.8, 24.7; IR (neat): 2977.8 (m), 2931.0 (w), 2865.6 (w), 1454.9 (w), 
1353.5 (m), 1317.0 (s), 1243.1 (m), 1137.0 (s), 967.5 (w), 852.1 (m), 699.6 (w) cm
-1
; 
HRMS-(DART+) for 
12
C23
1
H38
11
B2
35
Cl1
16
O4 [M+H]
+
: calculated: 435.2645, found: 
435.2665. 
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2,2'-(6-bromo-1-phenylhexane-3,3-diyl)bis(4,4,5,5-tetramet
hyl-1,3,2-dioxaborolane) (4.53). The reaction was performed 
according to Representative Procedure (Method D) with 
diboronate ester 4.40 (186 mg, 0.50 mmol), LTMP (77.3 mg, 
0.525 mmol), 1,3-dibromo propane (0.12 mL, 1.2 mmol) and THF (2.5 mL). The crude 
reaction mixture was purified by column chromatography on silica gel (10:1 
hexanes/diethyl ether, stain in CAM) to afford a white solid (217 mg, 88%). 
1
H NMR 
(500 MHz, CDCl3): δ 7.26-7.24 (2H, m), 7.20 (2H, d, J = 7.3 Hz), 7.14 (1H, t, J = 7.3 
Hz), 3.42 (2H, t, J = 6.8 Hz), 2.54-2.51 (2H, m), 1.90-1.85 (4H, m), 1.81-1.78 (2H, m), 
1.23 (24H, s); 
13
C NMR (125 MHz, CDCl3): δ 143.5, 128.5, 128.2, 125.5, 83.2, 34.5, 
33.8, 32.1, 30.9, 28.0, 24.8, 24.7; IR (neat): 2977.3 (m), 2930.7 (w), 2863.3 (w), 1454.7 
(w), 1353.9 (m), 1308.9 (m), 1250.2 (m), 1213.8 (w), 11369 (s), 967.8 (w), 853.6 (m), 
699.6 (w) cm
-1
; HRMS-(DART+) for 
12
C24
1
H40
11
B2
79
Br1
16
O4 [M+H]
+
: calculated: 
493.2296, found: 493.2309. 
 
2,2'-(7-bromo-1-phenyloctane-3,3-diyl)bis(4,4,5,5-tetrameth
yl-1,3,2-dioxaborolane) (4.54). The reaction was performed 
according to Representative Procedure (Method D). 
1
H NMR 
(500 MHz, CDCl3): δ 7.26-7.23 (2H, m), 7.21-7.20 (2H, m), 
7.16-7.12 (1H, m), 4.23-4.16 (1H, m), 2.57-2.46 (2H, m), 
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1.94-1.84 (3H, m), 1.81-1.64 (3H, m), 1.71 (3H, d, J = 6.8 Hz), 1.53-1.38 (2H, m), 1.24 
(12H, s), 1.23 (12H, s); 
13
C NMR (125 MHz, CDCl3): δ 143.7, 128.5, 128.1, 125.4, 83.0, 
52.0, 41.8, 33.8, 31.9, 28.3, 26.5, 25.3, 24.83, 24.79, 24.72, 24.70; IR (neat): 2979.3 (w), 
2923.1 (w), 2862.9 (w), 1452.7 (w), 1304.5 (s), 1246.6 (m), 1137.1 (s), 968.4 (w), 860.1 
(m), 743.1 (m), 696.6 (m), 668.0 (w), 522.7 (w) cm
-1
; HRMS-(DART+) for 
12
C26
1
H44
11
B2
79
Br1
16
O4 [M+H]
+
: calculated: 521.2609, found: 521.2609. 
 
2,2'-(8-bromo-1-phenyloctane-3,3-diyl)bis(4,4,5,5-tetra
methyl-1,3,2-dioxaborolane) (4.56). The reaction was 
performed according to Representative Procedure 
(Method D) with diboronate ester 4.40 (372 mg, 1.00 
mmol), LTMP (155 mg, 1.05 mmol), 1,5-dibromopentane (0.272 mL, 2.00 mmol) and 
THF (5 mL). The crude reaction mixture was purified by column chromatography on 
silica gel (15:1 – 10:1 hexanes/diethyl ether, stain in CAM) to afford a white solid (436 
mg, 84%). 
1
H NMR (500 MHz, CDCl3): δ 7.26-7.23 (2H, m), 7.20-7.19 (2H, m), 
7.16-7.12 (1H, m), 3.42 (2H, t, J = 6.9 Hz), 2.52-2.49 (2H, m), 1.92-1.87 (4H, m), 
1.72-1.69 (2H, m), 1.49-1.43 (2H, m), 1.36-1.27 (2H, m), 1.23 (24H, s); 
13
C NMR (125 
MHz, CDCl3): δ 143.7, 128.5, 128.1, 125.4, 83.0, 34.0, 33.8, 32.7, 31.9, 28.80, 28.75, 
26.1, 24.8, 24.7; IR (neat): 2972.1 (w), 2929.4 (w), 2856.6 (w), 1451.9 (w), 1348.8 (m), 
1307.4 (s), 1244.1 (s), 1133.9 (s), 1047.7 (w), 1020.2 (w), 968.4 (m), 848.5 (s), 754.2 (m), 
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699.8 (s), 666.9 (m), 558.0 (w), 502.6 (w) cm
-1
; HRMS-(DART+) for 
12
C26
1
H44
11
B2
79
Br1
16
O4 [M+H]
+
: calculated: 521.2609, found: 521.2634. 
 
2,2'-(6-bromohexane-1,1-diyl)bis(4,4,5,5-tetramethyl
-1,3,2-dioxaborolane) (4.55). The reaction was 
performed according to Representative Procedure 
(Method D) with 4.35 (375 mg, 1.40 mmol), LTMP 
(216 mg, 1.47 mmol), 1,5-dibromopentane (0.245 mL, 1.80 mmol) and THF (7 mL). The 
crude reaction mixture was purified by column chromatography on silica gel (10:1 
hexanes/diethyl ether, stain in CAM) to afford a white solid (496 mg, 85%). 
1
H NMR 
(500 MHz, CDCl3): δ 3.39 (2H, t, J = 7.1 Hz), 1.84 (2H, qi, J = 7.3 Hz), 1.54 (2H, q, J = 
7.8 Hz), 1.44-1.38 (2H, m), 1.35-1.27 (2H, m), 1.224 (12H, s), 1.216 (12H, s), 0.70 (1H, t, 
J = 7.8 Hz); 
13
C NMR (125 MHz, CDCl3): δ 82.9, 33.9, 32.6, 31.4, 28.1, 25.3, 24.8, 24.5; 
IR (neat): 2976.6 (w), 2929.7 (w), 1462.6 (w), 1356.7 (m), 1307.8 (s), 1266.9 (m), 1234.5 
(m), 1137.3 (s), 968.9 (m), 849.0 (m), 669.8 (w), 578.4 (w) cm
-1
; HRMS-(DART+) for 
12
C18
1
H36
11
B2
79
Br1
16
O4 [M+H]
+
: calculated: 417.1983, found: 417.1975. 
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2,2'-(9-bromo-1-phenylnonane-3,3-diyl)bis(4,4,5,5-te
tramethyl-1,3,2-dioxaborolane) (4.57). The reaction 
was performed according to Representative Procedure 
(Method D) with 4.40 (186 mg, 0.50 mmol), LTMP 
(77.3 mg, 0.525 mmol), 1,6-dibromohexane (154 L, 1.0 mmol) and THF (2.5 mL). The 
crude reaction mixture was purified by column chromatography on silica gel (10:1 
hexanes/diethyl ether, stain in CAM) to afford a white solid (206 mg, 77%). 
1
H NMR 
(500 MHz, CDCl3): δ 7.26-7.23 (2H, m), 7.19 (2H, d, J = 6.8 Hz), 7.14 (1H, t, J = 6.8 
Hz), 3.41 (2H, t, J = 6.9 Hz), 2.52-2.49 (2H, m), 1.91-1.83 (4H, m), 1.71-1.68 (2H, m), 
1.47-1.42 (2H, m), 1.36-1.23 (4H, m), 1.23 (24H, s, overlap); 
13
C NMR (125 MHz, 
CDCl3): δ 143.8, 128.5, 128.1, 125.4, 83.0, 34.0, 33.8, 32.9, 31.9, 29.5, 28.9, 28.2, 26.9, 
24.8, 24.7; IR (neat): 2976.8 (m), 2929.6 (m), 2857.4 (w), 1454.8 (w), 1306.6 (s), 1253.3 
(m), 1137.2 (s), 968.3 (w), 853.8 (w), 749.7 (w), 699.4 (w) cm
-1
; HRMS-(DART+) for 
12
C27
1
H46
11
B2
79
Br1
16
O4 [M+H]
+
: calculated: 535.2766, found: 535.2781. 
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4.7.4 Representative Procedure for Deborylative Alkylation 
 
In the glove box, an oven-dried 2-dram vial with magnetic stir bar was charged with 
1,1-diboronate ester 4.40 (48.4 mg, 0.13 mmol), 1-bromododecane (24.0 L, 0.10 mmol) 
and THF (0.50 mL), followed by the base (0.30 mmol). The vial was sealed with a 
polypropylene cap, removed from the glove box, and was allowed to stir at room 
temperature for 3 hours. Upon completion, the reaction mixture was diluted with diethyl 
ether (2 mL), filtered through a silica gel plug, rinsed with diethyl ether, and concentrated 
in vacuo. The crude reaction mixture was purified on silica gel (hexanes: diethyl ether = 
75:1) to afford the desired product 4.58 as a colorless oil. 
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4.7.5 Full Optimization Table a 
 
entry base solvent conversion (%) yield (%) 
1 KOH THF <5 -
b
 
2 LiOt-Bu THF <5 -
b
 
3 NaOi-Pr THF <5 -
b
 
4 NaOt-Bu THF 100 91 
5 NaOt-Amyl THF 85 72 
6 NaHMDS THF 100 -
c
 
7 KOMe THF 30 - 
8 KOt-Bu THF 100 68 
9 NaOt-Bu THF 65 46
d
 
10 NaOt-Bu dioxane 75 70 
11 NaOt-Bu ether <5 -
b
 
12 NaOt-Bu CH2Cl2 <5 -
b
 
13 NaOt-Bu hexanes <5 -
b
 
14 NaOt-Bu toluene <5 -
b
 
15 KOt-Bu toluene 80 76 
16 NaOt-Bu THF 100 97
e
 
17 NaOt-Bu THF 67 -
f, g
 
18 KOt-Bu toluene 100 97
f, h
 
a
 Reaction conditions: 1-bromododecane (0.10 mmol, 0.2 M), 4.40 (0.13 mmol) and base (0.30 
mmol). Conversion refers to consumption of 1-bromododecane and was determined by 
1
H NMR 
with 1,3,5-trimethoxybenzene as the internal standard. Yield refers to the isolated yield of 
purified material. 
b
 partial protodeboronation of 4.40. 
c 
exclusively 4.59. 
d 
1.5 equiv. NaOt-Bu 
employed instead of 3.0 equiv. 
e 
14 hours. 
f
 1-chlorododecane employed instead of 
1-bromododecane. 
g
 4.58:4.92 = 2.5:1. 
h
 2.0 equiv. 4.40, 5.0 equiv. KOt-Bu, toluene, 14 hours. 
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4.7.6 Full Characterization of Deborylative Alkylation Products and Proof of 
Stereochemistry 
4,4,5,5-tetramethyl-2-(1-phenylpentadecan-3-yl)-1,3,2-dioxa
borolane (4.58). 
1
H NMR (500 MHz, CDCl3): δ 7.28-7.25 (2H, 
m), 7.19-7.14 (3H, m), 2.65-2.54 (2H, m), 1.78-1.70 (1H, m), 
1.68-1.61 (1H, m), 1.47-1.34 (2H, m), 1.33-1.20 (32H, m), 1.07-1.01 (1H, m), 0.88 (3H, t, 
J = 6.9 Hz); 
13
C NMR (125 MHz, CDCl3): δ 143.2, 128.4, 128.2, 125.5, 82.9, 35.7, 33.5, 
31.9, 31.3, 29.9, 29.70, 29.67, 29.65, 29.61, 29.59, 29.4, 29.2, 24.9, 24.8, 22.7, 14.1; IR 
(neat): 2976.6 (w), 2921.8 (s), 2852.4 (m), 1456.1 (w), 1385.8 (m), 1314.5 (m), 1143.4 
(s), 966.5 (w), 746.5 (w), 698.0 (m) cm
-1
; HRMS-(DART+) for 
12
C27
1
H48
11
B1
16
O2 
[M+H]
+
: calculated: 415.3747, found: 415.3744. 
 
4,4,5,5-tetramethyl-2-(1-phenyltetradecan-2-yl)-1,3,2-dioxab
orolane (4.60). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
1,1-diboronate ester 4.48 (46.6 mg, 0.13 mmol), 1-bromododecane (24.0 L, 0.10 mmol), 
NaOt-Bu (28.8 mg, 0.30 mmol) and THF (0.50 mL). The crude reaction mixture was 
purified on silica gel (hexanes: diethyl ether = 75:1) to afford the desired product as a 
colorless oil (36.7 mg, 92%). 
1
H NMR (500 MHz, CDCl3): δ 7.25-7.19 (4H, m), 7.13 (1H, 
t, J = 7.1 Hz), 2.72-2.64 (2H, m), 1.44-1.24 (24H, m), 1.16 (6H, s), 1.13 (6H, s), 0.88 (3H, 
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t, J = 6.9 Hz); 
13
C NMR (125 MHz, CDCl3): δ 142.4, 128.8, 128.0, 125.5, 82.9, 37.4, 
31.9, 31.2, 29.8, 29.70, 29.65, 29.60, 29.56, 29.4, 29.2, 24.8, 24.7, 22.7, 14.1; IR (neat): 
2922.4 (s), 2852.5 (m), 1455.8 (w), 1385.4 (m), 1318.5 (m), 1143.8 (s), 862.5 (w), 698.2 
(w) cm
-1
; HRMS-(DART+) for 
12
C26
1
H46
11
B1
16
O2 [M+H]
+
: calculated: 401.3591, found: 
401.3593. 
 
2-(1-cyclohexyltridecyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolan
e (4.61). The reaction was performed according to Representative 
Procedure for Deborylative Alkylation with 1,1-diboronate ester 
4.45 (45.5 mg, 0.13 mmol), NaOt-Bu (28.8 mg, 0.30 mmol), 
1-bromododecane (24.0 L, 0.10 mmol) and THF (0.5 mL) at 40 oC for 14 hours. The 
crude reaction mixture was purified by column chromatography on silica gel (100:1 
hexanes/diethyl ether, stain in CAM) to afford a colorless oil (34.3 mg, 87%). 
1
H NMR 
(500 MHz, CDCl3): δ 1.77-1.60 (5H, m), 1.43-0.81 (44H, m); 
13
C NMR (125 MHz, 
CDCl3): δ 82.7, 39.7, 32.9, 32.6, 31.9, 30.0, 29.70, 29.68, 29.66, 29.64, 29.62, 29.60, 29.4, 
28.8, 26.8, 25.0, 24.8, 22.7, 14.1; IR (neat): 2977.4 (w), 2920.9 (s), 2851.6 (m), 1447.8 
(w), 1378.7 (m), 1312.4 (m), 1238.0 (w), 1144.8 (m), 970.9 (w), 865.3 (w) cm
-1
; 
HRMS-(DART+) for 
12
C25
1
H53
11
B1
14
N1
16
O2 [M+NH4]
+
: calculated: 410.4169, found: 
410.4175. 
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4,4,5,5-tetramethyl-2-(4-methyl-1-phenylpentan-3-yl)-1,3,2-diox
aborolane (4.63). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
1,1-diboronate ester 4.40 (48.4 mg, 0.13 mmol), NaOt-Bu (28.8 mg, 
0.30 mmol), 2-bromopropane (9.4 L, 0.10 mmol) and THF (0.5 mL). The crude reaction 
mixture was purified by column chromatography on silica gel (75:1 – 50:1 
hexanes/diethyl ether, stain in CAM) to afford a colorless oil (21.7 mg, 75%). 
1
H NMR 
(500 MHz, CDCl3): δ 7.28-7.25 (2H, m), 7.20-7.14 (3H, m), 2.67-2.61 (1H, m), 2.54-2.48 
(1H, m), 1.80-1.72 (2H, m), 1.70-1.63 (1H, m), 1.28 (12H, s), 0.94-0.90 (7H, m); 
13
C 
NMR (125 MHz, CDCl3): δ 143.2, 128.4, 128.2, 125.5, 82.9, 36.0, 31.4, 29.6, 25.1, 24.9, 
22.3, 21.7; IR (neat): 2976.7 (w), 2955.3 (w), 2929.6 (w), 2867.2 (w), 1454.7 (w), 1379.4 
(m), 1314.1 (m), 1213.4 (w), 1143.1 (s), 967.5 (w), 848.2 (w), 747.9 (w), 698.5 (m) cm
-1
; 
HRMS-(DART+) for 
12
C18
1
H30
11
B1
16
O2 [M+H]
+
: calculated: 289.2339, found: 289.2353. 
 
2-(7-bromo-1-phenyloctan-3-yl)-4,4,5,5-tetramethyl-1,3,2
-dioxaborolane (4.64). The reaction was performed 
according to Representative Procedure for Deborylative 
Alkylation with 1,1-diboronate ester 4.40 (48.4 mg, 0.13 mmol), NaOt-Bu (28.8 mg, 0.30 
mmol), 1,4-dibromopentane (13.6 L, 0.10 mmol) and THF (0.5 mL). The crude reaction 
mixture was purified by column chromatography on silica gel (25:1 hexanes/diethyl ether, 
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stain in CAM) to afford a colorless oil (39.4 mg, mixture of the desired product (1:1 dr) 
and Ph(CH2)3B(pin), 3.3:1, calculated yield = 84%). 
1
H NMR (500 MHz, CDCl3): δ 
7.28-7.24 (2H, m), 7.19-7.15 (3H, m), 4.16-4.09 (1H, m), 2.66-2.54 (2H, m), 1.87-1.61 
(4H, m), 1.69 (3H, dd, J = 6.4, 1.5 Hz, overlap), 1.57-1.34 (4H, m), 1.27 (12H, s), 
1.08-1.03 (1H, m); 
13
C NMR (125 MHz, CDCl3): δ 142.9, 128.4, 128.2, 125.6, 83.0, 
51.84, 51.79, 41.4, 41.3, 35.6, 33.40, 33.37, 30.52, 30.51, 27.3, 27.2, 26.4, 24.88, 24.87, 
24.85; IR (neat): 2976.9 (w), 2926.0 (w), 2858.0 (w), 1454.0 (w), 1378.4 (m), 1316.5 (m), 
1213.4 (m), 1143.0 (s), 966.3 (w), 853.5 (w), 746.8 (w), 698.9 (m) cm
-1
; HRMS-(DART+) 
for 
12
C20
1
H33
11
B1
79
Br1
16
O2 [M+H]
+
: calculated: 395.1757, found: 395.1757. 
 
4,4,5,5-tetramethyl-2-(1-phenylhex-5-en-3-yl)-1,3,2-dioxaborola
ne (4.65). The reaction was performed according to Representative 
Procedure for Deborylative Alkylation with 1,1-diboronate ester 
4.40 (96.7 mg, 0.26 mmol), NaOt-Bu (57.7 mg, 0.60 mmol), allyl chloride (16.3 L, 0.20 
mmol) and THF (1.0 mL). The crude reaction mixture was purified by column 
chromatography on silica gel (50:1 hexanes/diethyl ether, stain in CAM) to afford a 
colorless oil (49.7 mg, 87%). 
1
H NMR (500 MHz, CDCl3): δ 7.28-7.25 (2H, m), 
7.19-7.15 (3H, m), 5.81 (1H, ddt, J = 17.1, 10.3, 6.9 Hz), 5.02 (1H, app dq, J = 17.1, 2.0 
Hz), 4.94 (1H, app dt, J = 10.3, 1.0 Hz), 2.67-2.56 (2H, m), 2.26-2.14 (2H, m), 1.79-1.72 
(1H, m), 1.71-1.63 (1H, m), 1.26 (12H, s), 1.18-1.12 (1H, m); 
13
C NMR (125 MHz, 
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CDCl3): δ 142.9, 138.4, 128.4, 128.2, 125.6, 114.9, 83.1, 35.4, 35.3, 32.9, 24.9, 24.8; IR 
(neat): 2977.0 (w), 2924.5 (w), 2857.2 (w), 1453.9 (w), 1379.8 (m), 1317.8 (m), 1242.3 
(w), 1142.7 (s), 966.8 (w), 908.9 (w), 862.8 (w), 747.1 (w), 698.5 (m) cm
-1
; 
HRMS-(DART+) for 
12
C18
1
H28
11
B1
16
O2 [M+H]
+
: calculated: 287.2182, found: 287.2178. 
 
(E)-4,4,5,5-tetramethyl-2-(1-phenylhept-5-en-3-yl)-1,3,2-dio
xaborolane (4.66). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
4.40 (48.4 mg, 0.13 mmol), NaOt-Bu (28.8 mg, 0.30 mmol), crotyl chloride (9.8 L, 0.10 
mmol, 5.8:1 E/Z isomers) and THF (0.5 mL). The crude reaction mixture was purified by 
column chromatography on silica gel (50:1 hexanes/diethyl ether, stain in CAM) to afford 
a colorless oil (27.9 mg, 93%, 6.0:1 E/Z, determined by oxidizing the boronate ester to 
the corresponding alcohol). 
1
H NMR (500 MHz, CDCl3) (mixture of E/Z isomers): δ 
7.28-7.25 (2H, m), 7.19-7.14 (3H, m), 5.47-5.37 (2H, m), 2.65-2.55 (2H, m), 2.43-2.08 
(2H, m), 1.78-1.70 (1H, m), 1.69-1.61 (4H, m), 1.25 (12H, s), 1.14-1.08 (1H, m); 
13
C 
NMR (125 MHz, CDCl3) (mixture of E/Z isomers): δ 143.0, 130.9, 130.2, 128.4, 128.2, 
125.5, 125.3, 124.1, 83.01, 82.96, 35.6, 35.5, 34.2, 33.04, 33.02, 28.3, 24.88, 24.81, 24.77, 
17.8, 12.9; IR (neat): 2977.1 (w), 2924.7 (w), 2855.5 (w), 1453.3 (w), 1379.8 (m), 1317.1 
(m), 1238.3 (w), 1143.3 (s), 965.9 (m), 862.1 (w), 746.8 (w), 698.5 (w) cm
-1
; 
HRMS-(DART+) for 
12
C18
1
H28
11
B1
16
O2 [M+H]
+
: calculated: 287.2182, found: 287.2178. 
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(E)-2-(6-(4-methoxyphenyl)-1-phenylhex-5-en-3-yl)
-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.67). 
The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 1,1-diboronate ester 4.40 
(48.4 mg, 0.13 mmol), NaOt-Bu (28.8 mg, 0.30 mmol), (E)-1-(3-chloroprop-1-en- 
1-yl)-4-methoxybenzene (18.3 mg, 0.10 mmol)
47
 and THF (0.5 mL). The crude reaction 
mixture was purified by column chromatography on silica gel (20:1 – 10:1 
hexanes/diethyl ether, stain in CAM) to afford a colorless oil (28.3 mg, 72% yield). 
1
H 
NMR (500 MHz, CDCl3): δ 7.28-7.24 (4H, m), 7.19-7.15 (3H, m), 6.84-6.81 (2H, m), 
6.34 (1H, d, J = 15.7 Hz), 6.07 (1H, dt, J = 15.7, 7.3 Hz), 3.80 (3H, s), 2.70-2.59 (2H, m), 
2.38-2.28 (2H, m), 1.84-1.77 (1H, m), 1.75-1.68 (1H, m), 1.25 (6H, s), 1.24 (6H, s), 
1.29-1.21 (1H, m, overlap); 
13
C NMR (125 MHz, CDCl3): δ 158.6, 142.9, 130.8, 129.7, 
128.4, 128.3, 128.2, 127.0, 125.6, 113.8, 83.1, 55.2, 35.5, 34.6, 33.1, 24.88, 24.87; IR 
(neat): 2976.6 (w), 2925.8 (w), 1607.0 (w), 1510.2 (s), 1454.8 (w), 1380.7 (m), 1319.4 
(m), 1246.6 (s), 1173.9 (w), 1143.0 (s), 1035.9 (w), 965.6 (w), 848.4 (w), 699.6 (w) cm
-1
; 
HRMS-(DART+) for 
12
C25
1
H33
11
B1
16
O3 [M]
+·
: calculated: 392.2523, found: 392.2540. 
 
 
                                                 
 
47
 Brozek, L. A.; Ardolino, M. J.; Morken, J. P. J. Am. Chem. Soc. 2011, 133, 16778. 
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(E)-2-(6,10-dimethyl-1-phenylundeca-5,9-dien-3-y
l)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.68). 
The reaction was performed according to 
Representative Procedure for Deborylative 
Alkylation with 1,1-diboronate ester 4.40 (48.4 mg, 0.13 mmol), NaOt-Bu (28.8 mg, 0.30 
mmol), geranyl chloride (18.5 L, 0.10 mmol) and THF (0.5 mL). The crude reaction 
mixture was purified by column chromatography on silica gel (50:1 hexanes/diethyl ether, 
stain in CAM) to afford a colorless oil (34.8 mg, 91%). 
1
H NMR (500 MHz, CDCl3): δ 
7.27-7.24 (2H, m), 7.19-7.14 (3H, m), 5.15-5.08 (2H, m), 2.66-2.55 (2H, m), 2.19-2.10 
(2H, m), 2.08-2.04 (2H, m), 1.98-1.95 (2H, m), 1.79-1.63 (2H, m), 1.67 (3H, d, J = 1.0 
Hz, overlap), 1.61 (3H, s), 1.59 (3H, s), 1.25 (12H, s), 1.13-1.08 (1H, m); 
13
C NMR (125 
MHz, CDCl3): δ 143.1, 135.1, 131.2, 128.4, 128.2, 125.5, 124.4, 124.1, 82.9, 39.8, 35.6, 
33.1, 29.4, 26.7, 25.7, 24.9, 24.8, 17.6, 16.2; IR (neat): 2976.2 (m), 2923.8 (m), 2855.3 
(w), 1453.0 (w), 1379.8 (m), 1317.6 (m), 1240.9 (w), 1143.8 (s), 967.3 (w), 866.9 (w), 
746.3 (w), 698.5 (m) cm
-1
; HRMS-(DART+) for 
12
C25
1
H40
11
B1
16
O2 [M+H]
+
: calculated: 
383.3121, found: 383.3136. 
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4,4,5,5-tetramethyl-2-tridecyl-1,3,2-dioxaborolane (4.69). The 
reaction was performed according to Representative Procedure for 
Deborylative Alkylation with diborylmethane 4.35 (53.6 mg, 0.20 
mmol), KOt-Bu (56.1 mg, 0.50 mmol), 1-bromododecane (24.0 L, 0.10 mmol) and 
toluene (0.5 mL) at room temperature for 14 hours. The crude reaction mixture was 
purified by column chromatography on silica gel (75:1 – 50:1 hexanes/diethyl ether, stain 
in CAM) to afford a colorless oil (28.2 mg, 91%). 
1
H NMR (500 MHz, CDCl3): δ 
1.41-1.37 (2H, m), 1.31-1.24 (30H, m), 0.88 (3H, t, J = 6.9 Hz), 0.76 (2H, t, J = 7.8 Hz); 
13
C NMR (125 MHz, CDCl3): δ 82.8, 32.4, 31.9, 29.70, 29.68, 29.66, 29.65, 29.59, 29.41, 
29.35, 24.8, 24.0, 22.7, 14.1; IR (neat): 2977.8 (w), 2922.1 (s), 2853.1 (m), 1465.8 (w), 
1376.7 (s), 1316.8 (m), 1145.9 (s), 968.4 (w), 847.0 (w), 720.6 (w) cm
-1
; HRMS-(DART+) 
for 
12
C19
1
H40
11
B1
16
O2 [M+H]
+
: calculated: 311.3121, found: 311.3121. 
 
2-(4-methoxyphenethyl)-4,4,5,5-tetramethyl-1,3,2-dioxabo
rolane (4.70). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
diborylmethane 4.35 (53.6 mg, 0.20 mmol), KOt-Bu (56.1 mg, 0.50 mmol), 
4-methoxybenzyl chloride (13.6 L, 0.10 mmol) and toluene (0.5 mL) at room 
temperature for 14 hours. The crude reaction mixture was purified by column 
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chromatography on silica gel (20:1 – 10:1 hexanes/diethyl ether, stain in CAM) to afford 
a colorless oil (19.2 mg, 73%). 
1
H NMR was in accord with literature.
48
 
 
2-(4-bromophenethyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborola
ne (4.71). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
diborylmethane 4.35 (53.6 mg, 0.20 mmol), KOt-Bu (56.1 mg, 0.50 mmol), 
4-bromobenzyl chloride (20.5 mg, 0.10 mmol) and toluene (0.5 mL) at room temperature 
for 14 hours. The crude reaction mixture was purified by column chromatography on 
silica gel (20:1 hexanes/diethyl ether, stain in CAM) to afford a white solid (23.9 mg, 
77%). 
1
H NMR (500 MHz, CDCl3): δ 7.38-7.35 (2H, m), 7.10-7.07 (2H, m), 2.69 (2H, t, 
J = 8.1 Hz), 1.22 (12H, s), 1.11 (2H, t, J = 8.1 Hz); 
13
C NMR (125 MHz, CDCl3): δ 143.3, 
131.2, 129.8, 119.2, 83.2, 29.4, 24.8; IR (neat): 2977.4 (w), 2930.8 (w), 1487.4 (m), 
1369.5 (s), 1315.5 (s), 1239.1 (w), 1141.9 (s), 1071.6 (m), 1010.7 (m), 966.8 (m), 866.8 
(w), 849.2 (m), 798.1 (m), 672.3 (w), 484.1 (w) cm
-1
; HRMS-(DART+) for 
12
C14
1
H21
11
B1
79
Br1
16
O2 [M+H]
+
: calculated: 311.0819, found: 311.0811. 
 
                                                 
 
48
 Yamamoto, Y.; Fujikawa, R.; Umemoto, T.; Miyaura, N. Tetrahedron, 2004, 60, 10695.  
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2-(3-benzyl-1-phenylpentadecan-3-yl)-4,4,5,5-tetramethyl-1,3
,2-dioxaborolane (4.72). The reaction was performed according 
to Representative Procedure for Deborylative Alkylation with 
diboronate ester 4.49 (60.1 mg, 0.13 mmol), NaOt-Bu (28.8 mg, 
0.30 mmol), 1-bromododecane (24.0 L, 0.10 mmol) and THF (0.5 mL). The crude 
reaction mixture was purified by column chromatography on silica gel (50:1 
hexanes/diethyl ether, stain in CAM) to afford a colorless oil (49.9 mg, 99%). 
1
H NMR 
(500 MHz, CDCl3): δ 7.27-7.22 (6H, m), 7.18-7.14 (4H, m), 2.80 (1H, d, J = 13.7 Hz), 
2.76 (1H, d, J = 13.7 Hz), 2.64-2.60 (2H, m), 1.68-1.58 (2H, m), 1.45-1.36 (4H, m), 
1.32-1.21 (30H, m), 0.89 (3H, t, J = 6.8 Hz); 
13
C NMR (125 MHz, CDCl3): δ 143.5, 
140.0, 130.2, 128.3, 128.2, 127.8, 125.7, 125.5, 83.2, 40.2, 36.7, 34.5, 31.9, 31.5, 30.5, 
29.72, 29.68, 29.4, 25.15, 25.10, 24.8, 22.7, 14.1; IR (neat): 2976.9 (w), 2924.7 (s), 
2853.3 (m), 1495.4 (w), 1456.2 (w), 1380.2 (m), 1311.3 (m), 1143.7 (m), 855.3 (w), 
735.4 (w), 699.7 (m) cm
-1
; HRMS-(DART+) for 
12
C34
1
H54
11
B1
16
O2 [M+H]
+
: calculated: 
505.4217, found: 505.4237. 
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4,4,5,5-tetramethyl-2-(6-phenethyloctadec-1-en-6-yl)-1,3,2-dio
xaborolane (4.73). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
diboronate ester 4.50 (57.2 mg, 0.13 mmol), NaOt-Bu (28.8 mg, 
0.30 mmol), 1-bromododecane (24.0 L, 0.10 mmol) and THF (0.5 mL) at 50 oC for 14 
hours. The crude reaction mixture was purified by column chromatography on silica gel 
(100:1 hexanes/diethyl ether, stain in CAM) to afford a colorless oil (44.0 mg, 91%). 
1
H 
NMR (500 MHz, CDCl3): δ 7.27-7.24 (2H, m), 7.19-7.14 (3H, m), 5.84 (1H, ddt, J = 
17.1, 10.3, 6.9 Hz), 5.01 (1H, ddt, J = 17.1, 2.0, 1.5 Hz), 4.94 (1H, ddt, J = 10.3, 2.0, 1.5 
Hz), 2.50-2.47 (2H, m), 2.05 (2H, q, J = 7.0 Hz), 1.66-1.62 (2H, m), 1.45-1.19 (26H, m), 
1.25 (12H, s, overlap), 0.88 (3H, t, J = 6.8 Hz); 
13
C NMR (125 MHz, CDCl3): δ 143.8, 
139.2, 128.3, 128.2, 125.4, 114.2, 83.0, 36.7, 34.7, 34.4, 33.8, 31.9, 31.4, 30.6, 29.72, 
29.68, 29.65, 29.4, 24.9, 24.7, 24.2, 22.7, 14.1; IR (neat): 2922.9 (s), 2852.7 (m), 1458.2 
(w), 1385.2 (m), 1345.1 (w), 1305.9 (m), 1260.9 (w), 1142.6 (s), 966.6 (w), 908.0 (w), 
857.4 (w), 744.7 (w), 696.2 (s) cm
-1
; HRMS-(DART+) for 
12
C32
1
H56
11
B1
16
O2 [M+H]
+
: 
calculated: 483.4373, found: 483.4384. 
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2-(3-benzyl-4-methyl-1-phenylpentan-3-yl)-4,4,5,5-tetramethyl-1
,3,2-dioxaborolane (4.74). The reaction was performed according 
to Representative Procedure for Deborylative Alkylation with 
diboronate ester 4.49 (60.1 mg, 0.13 mmol), NaOt-Bu (28.8 mg, 
0.30 mmol), 2-bromopropane (9.4 L, 0.10 mmol) and THF (0.5 mL). The crude reaction 
mixture was purified by column chromatography on silica gel (100:1 – 75:1 
hexanes/diethyl ether, stain in CAM) to afford a colorless oil (35.9 mg, 95%). 
1
H NMR 
(500 MHz, CDCl3): δ 7.35 (2H, d, J = 7.3 Hz), 7.26-7.22 (4H, m), 7.18-7.10 (4H, m), 
3.09 (1H, d, J = 13.7 Hz), 2.68 (1H, d, J = 14.2 Hz), 2.65-2.55 (2H, m), 1.78 (1H, sp, J = 
6.8 Hz), 1.70-1.60 (2H, m), 1.28 (6H, s), 1.24 (6H, s), 1.06 (3H, d, J = 6.8 Hz), 0.99 (3H, 
d, J = 6.8 Hz); 
13
C NMR (125 MHz, CDCl3): δ 143.8, 140.8, 130.5, 128.4, 128.2, 127.7, 
125.6, 125.4, 83.2, 37.9, 34.5, 32.4, 31.2, 25.4, 25.0, 19.6, 19.2; IR (neat): 2975.2 (w), 
2930.7 (w), 2870.3 (w), 1455.1 (w), 1380.6 (m), 1305.3 (m), 1257.7 (m), 1139.7 (s), 
973.7 (w), 846.7 (w), 738.4 (m), 699.9 (s), 670.6 (w), 502.6 (w) cm
-1
; HRMS-(DART+) 
for 
12
C25
1
H36
11
B1
16
O2 [M+H]
+
: calculated: 379.2808, found: 379.2804. 
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2-(3-cyclopropyl-1-phenylpentadecan-3-yl)-4,4,5,5-tetrameth
yl-1,3,2-dioxaborolane (4.75). The reaction was performed 
according to Representative Procedure for Deborylative 
Alkylation with diboronate ester 4.51 (53.6 mg, 0.13 mmol), 
NaOt-Bu (28.8 mg, 0.30 mmol), 1-bromododecane (24.0 L, 0.10 mmol) and THF (0.5 
mL) at 50 
o
C for 14 hours. The crude reaction mixture was purified by column 
chromatography on silica gel (200:1 hexanes/diethyl ether, stain in CAM) to afford a 
colorless oil (25.3 mg, 56%). 
1
H NMR (500 MHz, CDCl3): δ 7.28-7.25 (2H, m), 
7.22-7.20 (2H, m), 7.17-7.14 (1H, m), 2.68-2.62 (2H, m), 1.77-1.71 (1H, m), 1.67-1.60 
(1H, m), 1.46-1.42 (2H, m), 1.37-1.26 (20H, m), 1.22 (12H, s), 0.88 (3H, t, J = 6.9 Hz), 
0.65-0.59 (1H, m), 0.43-0.30 (4H, m); 
13
C NMR (125 MHz, CDCl3): δ 144.3, 128.4, 
128.2, 125.3, 82.8, 39.1, 36.4, 32.2, 31.9, 30.7, 29.72, 29.69, 29.66, 29.4, 25.4, 24.9, 22.7, 
18.0, 14.1, 2.3, 1.9; IR (neat): 2922.9 (s), 2852.6 (m), 1455.7 (w), 1388.5 (w), 1370.8 (w), 
1302.7 (m), 1142.8 (s), 1016.8 (w), 967.5 (w), 855.6 (w), 748.1 (w), 697.9 (m) cm
-1
; 
HRMS-(DART+) for 
12
C30
1
H52
11
B1
16
O2 [M+H]
+
: calculated: 455.4060, found: 455.4080. 
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2-(1-dodecyl-2-phenylcyclopropyl)-4,4,5,5-tetramethyl-1,3,2
-dioxaborolane (4.76). The reaction was performed according 
to Representative Procedure for Deborylative Alkylation with 
diboronate ester 4.109 (48.1 mg, 0.13 mmol), NaOt-Bu (28.8 
mg, 0.30 mmol), 1-bromododecane (24.0 L, 0.10 mmol) and THF (0.5 mL) at 60 oC for 
14 hours. The crude reaction mixture was purified by column chromatography on silica 
gel (50:1 hexanes/diethyl ether, stain in CAM) to afford a colorless oil (26.8 mg, 65%). 
1
H NMR (500 MHz, CDCl3): δ 7.24-7.23 (2H, m), 7.20-7.17 (2H, m), 7.11-7.07 (1H, m), 
1.98-1.93 (2H, m), 1.51-1.35 (3H, m), 1.32-1.25 (18H, m), 0.97 (6H, s), 0.93-0.88 (1H, 
m), 0.88 (3H, t, J = 6.8 Hz, overlap), 0.83 (6H, s), 0.77 (1H, dd, J = 7.3, 4.4 Hz); 
13
C 
NMR (125 MHz, CDCl3): δ 140.7, 128.8, 127.6, 125.5, 82.8, 38.4, 31.9, 29.9, 29.8, 29.72, 
29.69, 29.66, 29.63, 29.4, 29.3, 24.7, 24.3, 22.7, 15.7, 14.1; IR (neat): 2977.1 (w), 2923.0 
(s), 2852.9 (m), 1447.0 (w), 1408.4 (m), 1371.1 (m), 1312.7 (m), 1141.3 (s), 856.3 (w), 
694.8 (w) cm
-1
; HRMS-(DART+) for 
12
C27
1
H46
11
B1
16
O2 [M+H]
+
: calculated: 413.3591, 
found: 413.3612. The relative stereochemistry was assigned by analogy (compound 23). 
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2-(1-(4-methoxybenzyl)-2-phenylcyclopropyl)-4,4,5,5-t
etramethyl-1,3,2-dioxaborolane (4.77). The reaction was 
performed according to Representative Procedure for 
Deborylative Alkylation with diboronate ester 4.109 (48.1 
mg, 0.13 mmol), NaOt-Bu (28.8 mg, 0.30 mmol), 4-methoxybenzyl chloride (13.6 L, 
0.10 mmol) and THF (0.5 mL) at 50 
o
C for 14 hours. The crude reaction mixture was 
purified by column chromatography on silica gel (25:1 hexanes/diethyl ether, stain in 
CAM) to afford a white solid (26.8 mg, 74%). 
1
H NMR (500 MHz, CDCl3): δ 7.26-7.19 
(6H, m), 7.12-7.09 (1H, m), 6.82-6.79 (2H, m), 3.79 (3H, s), 3.37 (1H, d, J = 14.2 Hz), 
2.20 (1H, d, J = 14.7 Hz), 2.09 (1H, dd, J = 7.8, 5.9 Hz), 1.55 (1H, t, J = 4.9 Hz), 1.00 
(1H, dd, J = 8.3, 4.4 Hz), 0.88 (6H, s), 0.73 (6H, s); 
13
C NMR (125 MHz, CDCl3): δ 
157.8, 140.3, 133.8, 129.9, 128.8, 127.7, 125.7, 113.4, 83.0, 55.2, 42.0, 29.3, 24.6, 24.3, 
15.6. IR (neat): 2978.5 (w), 2910.8 (w), 1609.2 (w), 1510.6 (s), 1442.4 (w), 1407.1 (m), 
1315.4 (m), 1300.9 (m), 1248.4 (s), 1130.1 (s), 1029.8 (m), 967.9 (w), 852.3 (w), 770.2 
(w), 691.6 (w) cm
-1
; HRMS-(DART+) for 
12
C23
1
H30
11
B1
16
O3 [M+H]
+
: calculated: 
365.2288, found: 365.2285. The relative stereochemistry was assigned by X-ray 
crystallography. 
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4,4,5,5-tetramethyl-2-(1-phenethylcyclopropyl)-1,3,2-dioxabo
rolane (4.78). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
diboronate ester 4.52 (43.5 mg, 0.10 mmol), NaOt-Bu (28.8 mg, 0.30 mmol) and THF 
(0.5 mL). The crude reaction mixture was purified by column chromatography on silica 
gel (20:1 hexanes/diethyl ether, stain in CAM) to afford a colorless oil (25.4 mg, 93%). 
1
H NMR (500 MHz, CDCl3): δ 7.27-7.24 (2H, m), 7.19-7.13 (3H, m), 2.74-2.71 (2H, m), 
1.54-1.50 (2H, m), 1.22 (12H, s), 0.67-0.66 (2H, m), 0.30-0.28 (2H, m); 
13
C NMR (125 
MHz, CDCl3): δ 143.2, 128.4, 128.1, 125.4, 82.9, 38.7, 35.8, 24.7, 11.5; IR (neat): 2977.8 
(w), 2926.6 (w), 1453.5 (w), 1416.9 (s), 1371.1 (w), 1311.8 (m), 1193.8 (m), 1132.8 (s), 
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967.6 (w), 858.9 (w), 698.9 (m), 684.2 (m) cm
-1
; HRMS-(DART+) for 
12
C17
1
H26
11
B1
16
O2 
[M+H]
+
: calculated: 273.2026, found: 273.2035. 
  
4,4,5,5-tetramethyl-2-(1-phenethylcyclobutyl)-1,3,2-dioxaboro
lane (4.79). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
diboronate ester 4.53 (49.3 mg, 0.10 mmol), NaOt-Bu (28.8 mg, 0.30 mmol) and THF 
(0.5 mL) at room temperature for 14 hours. The crude reaction mixture was purified by 
column chromatography on silica gel (75:1 hexanes/diethyl ether, stain in CAM) to 
afford a colorless oil (25.0 mg, 87%). 
1
H NMR (500 MHz, CDCl3): δ 7.28-7.25 (2H, m), 
7.20-7.14 (3H, m), 2.50-2.47 (2H, m), 2.18-2.13 (2H, m), 1.99-1.84 (4H, m), 1.736-1.70 
(2H, m), 1.29 (12H, s); 
13
C NMR (125 MHz, CDCl3): δ 143.3, 128.3, 128.2, 125.5, 83.0, 
42.0, 33.3, 30.2, 24.7, 18.2; IR (neat): 3026.0 (w), 2975.2 (m), 2929.5 (m), 2854.5 (w), 
1454.1 (w), 1371.5 (s), 1343.3 (w), 1211.3 (m), 1142.6 (s), 965.1 (w), 860.7 (w), 698.3 
(m) cm
-1
; HRMS-(DART+) for 
12
C18
1
H28
11
B1
16
O2 [M+H]
+
: calculated: 287.2182, found: 
287.2179. 
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4,4,5,5-tetramethyl-2-(2-methyl-1-phenethylcyclopentyl)-1,3,2-
dioxaborolane (4.80, major diastereomer). The reaction was 
performed according to Representative Procedure for 
Deborylative Alkylation with diboronate ester 4.54 (208.5 mg, 
0.40 mmol), NaOt-Bu (115.3 mg, 1.20 mmol) and THF (2.0 mL) at 50 
o
C for 14 hours. 
The crude reaction mixture was purified by column chromatography on silica gel (50:1 
hexanes/diethyl ether, stain in CAM) to afford a colorless oil (95.7 mg, 76%, 7.5:1 dr). 
The diastereomers were separated by a second column (75:1 hexanes/diethyl ether). 
1
H 
NMR (500 MHz, CDCl3): δ 7.27 (2H, t, J = 7.3 Hz), 7.21 (2H, d, J = 7.3 Hz), 7.18-7.15 
(1H, m), 2.58-2.49 (2H, m), 2.04 (1H, sx, J = 7.3 Hz), 1.89-1.83 (1H, m), 1.79-1.54 (5H, 
m), 1.44-1.36 (1H, m), 1.31-1.24 (1H, m), 1.27 (12H, s, overlap), 0.91 (3H, dd, J = 7.3, 
1.4 Hz); 
13
C NMR (125 MHz, CDCl3): δ 143.9, 128.3, 128.2, 125.4, 82.9, 40.3, 34.2, 
33.5, 33.1, 32.6, 24.9, 24.6, 22.9, 15.1; IR (neat): 2949.5 (m), 2868.7 (w), 1454.3 (w), 
1380.5 (s), 1304.3 (s), 1195.0 (w), 1143.5 (s), 967.1 (w), 856.4 (w), 747.3 (w), 698.3 (m) 
cm
-1
; HRMS-(DART+) for 
12
C20
1
H32
11
B1
16
O2 [M+H]
+
: calculated: 315.2495, found: 
315.2500. 
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4,4,5,5-tetramethyl-2-(2-methyl-1-phenethylcyclopentyl)-1,3,2
-dioxaborolane (4.80, minor diastereomer). 
1
H NMR (500 
MHz, CDCl3): δ 7.28-7.25(2H, m), 7.20 (2H, d, J = 7.3 Hz), 7.16 
(1H, t, J = 7.3 Hz), 2.59-2.53 (2H, m), 2.05-1.95 (2H, m), 
1.84-1.78 (1H, m), 1.77-1.70 (1H, m), 1.64-1.56 (2H, m), 1.40-1.22 (3H, m), 1.27 (12H, s, 
overlap), 1.00 (3H, d, J = 6.9 Hz); 
13
C NMR (125 MHz, CDCl3): δ 143.9, 128.3, 128.2, 
125.4, 82.9, 45.0, 41.2, 34.26, 34.23, 34.15, 25.3, 24.8, 22.7, 17.8; IR (neat): 2976.1 (w), 
2928.4 (m), 2856.0 (w), 1454.3 (w), 1387.4 (m), 1297.8 (m), 1200.8 (w), 1142.3 (s), 
965.6 (w), 856.9 (w), 747.5 (w), 697.8 (m) cm
-1
; HRMS-(DART+) for 
12
C20
1
H32
11
B1
16
O2 
[M+H]
+
: calculated: 315.2495, found: 315.2502. 
 
Proof of Stereochemistry: 
The title compound and its minor diastereomer were oxidized to tertiary alcohols, which 
were compared with the alcohol prepared from 2-methylcyclopentanone and Grignard 
reagent as shown below: 
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4,4,5,5-tetramethyl-2-(1-phenethylcyclohexyl)-1,3,2-dioxaboro
lane (4.82). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
diboronate ester 4.56 (52.1 mg, 0.10 mmol), NaOt-Bu (28.8 mg, 
0.30 mmol) and THF (0.5 mL) at 50 
o
C for 14 hours. The crude reaction mixture was 
purified by column chromatography on silica gel (75:1 hexanes/diethyl ether, stain in 
CAM) to afford a colorless oil (21.8 mg, 69%). 
1
H NMR (500 MHz, CDCl3): δ 7.27-7.24 
(2H, m), 7.17-7.14 (3H, m), 2.58-2.54 (2H, m), 1.95 (2H, d, J = 12.7 Hz), 1.68-1.60 (3H, 
m), 1.58-1.54 (2H, m), 1.37-1.26 (2H, m), 1.29 (12H, s), 1.19-1.14 (1H, m), 0.99 (2H, td, 
J = 12.7, 2.9 Hz); 
13
C NMR (125 MHz, CDCl3): δ 143.7, 128.3, 128.2, 125.5, 83.0, 43.3, 
35.3, 32.2, 26.7, 25.2, 24.9; IR (neat): 2977.3 (w), 2924.9 (s), 2850.6 (w), 1453.3 (w), 
1387.7 (m), 1337.2 (w), 1304.6 (s), 1234.0 (m), 1143.1 (s), 968.5 (w), 696.5 (m) cm
-1
; 
HRMS-(DART+) for 
12
C20
1
H32
11
B1
16
O2 [M+H]
+
: calculated: 315.2495, found: 315.2496. 
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2-cyclohexyl-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (4.81). The 
reaction was performed according to Representative Procedure for 
Deborylative Alkylation with diboronate ester 4.55 (116.8 mg, 0.40 
mmol), NaOt-Bu (115.3 mg, 1.20 mmol) and THF (2.0 mL). The crude 
reaction mixture was purified by column chromatography on silica gel (100:1 
pentane/diethyl ether, stain in CAM) to afford a colorless oil (50.4 mg, 60%). The 
1
H and 
13
C NMR spectra were in accord with previously reported data.
49
 
 
4,4,5,5-tetramethyl-2-(1-phenethylcycloheptyl)-1,3,2-dioxabor
olane (4.83). The reaction was performed according to 
Representative Procedure for Deborylative Alkylation with 
diboronate ester 4.57 (53.5 mg, 0.10 mmol), NaOt-Bu (28.8 mg, 
0.30 mmol) and THF (0.5 mL). The crude reaction mixture was purified by column 
chromatography on silica gel (100:1 hexanes/ diethyl ether, stain in CAM) to afford a 
colorless oil (19.1 mg, 58%). 
1
H NMR (500 MHz, CDCl3): δ 7.28-7.25 (2H, m), 
7.18-7.14 (3H, m), 2.56-2.53 (2H, m), 1.91-1.86 (2H, m), 1.63-1.58 (4H, m), 1.56-1.44 
(6H, m), 1.36-1.32 (2H, m), 1.27 (12H, s); 
13
C NMR (125 MHz, CDCl3): δ 143.7, 128.3, 
                                                 
 
49
 Clary, J. W.; Rettenmaier, T. J.; Snelling, R.; Bryks, W.; Banwell, J.; Wipke, W. T.; Singaram, B. J. Org. 
Chem. 2011, 76, 9602. 
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128.2, 125.4, 82.9, 42.7, 36.2, 33.0, 29.7, 24.9, 24.6; IR (neat): 2976.9 (w), 2918.6 (m), 
2851.0 (w), 1458.4 (w), 1386.5 (m), 1304.1 (m), 1263.3 (w), 1141.7 (s), 966.0 (w), 853.4 
(m), 746.9 (w), 697.6 (m) cm
-1
; HRMS-(DART+) for 
12
C21
1
H34
11
B1
16
O2 [M+H]
+
: 
calculated: 329.2652, found: 329.2653. 
 
4.7.7 Procedure for Gram-Scale Synthesis of Amphetamine 
 
 
2,2'-(ethane-1,1-diyl)bis(4,4,5,5-tetramethyl-1,3,2-dioxaborola
ne) (4.38). The reaction was performed according to 
Representative Procedure (Method C) with diborylmethane 4.35 
(11.79 g, 44.00 mmol), LTMP (6.476 g, 44.00 mmol), methyl 
iodide (2.74 mL, 44.00 mmol) and THF (150 mL). The crude reaction mixture was 
purified by column chromatography on silica gel (20:1 hexanes/ethyl acetate, stain in 
CAM) to afford a colorless oil (10.03 g, 81%). The 
1
H NMR and 
13
C NMR spectra was in 
accord with previously reported data.
50
 
 
                                                 
 
50
 Ito, H.; Kubota, K. Org. Lett. 2012, 14, 890. 
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In air, a flame-dried 500 mL round-bottom flask with magnetic stir bar was 
charged with sodium tert-butoxide (7.84 g, 81.6 mmol). The flask was evacuated and 
filled with nitrogen for three cycles. THF (110 mL) was added via syringe, followed by a 
THF solution (20 mL) of 1,1-diboronate ester 4.38 (9.95 g, 35.3 mmol) and benzyl 
chloride (3.13 mL, 27.2 mmol). The reaction was allowed to stir at room temperature for 
14 hours. Upon completion, the reaction mixture was diluted with diethyl ether (150 mL), 
filtered through a silica gel plug, rinsed with diethyl ether, and concentrated in vacuo. 
The crude reaction mixture was purified on silica gel (hexanes: diethyl ether = 50:1) to 
afford the desired product as a colorless oil (6.07 g, 4.62: byproduct = 29:1, 96 wt% of 
4.62, 87% calculated yield). The 
1
H and 
13
C NMR spectra was in accord with previously 
reported data.
51
 
 
 
 
                                                 
 
51
 Mlynarski, S. N.; Schuster, C. H.; Morken, J. P. Nature 2014, 505, 386. 
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The reaction was performed according to the literature procedure with slight 
modification.
2a
 A flame-dried, three-neck round bottom flask equipped with a magnetic 
stir bar, reflux condenser and septa was purged with N2. O-methylhydroxylamine 
solution
2a
 (25.0 mL, 70.9 mmol, 2.84 M in THF) was added and diluted with THF (200 
mL). The reaction flask was cooled to 78° C in a dry ice/acetone bath. A solution of 
n-butyl lithium in hexanes (28.4 mL, 70.9 mmol, 2.50 M) was added dropwise (syringe 
pump, 20 mL/h) and the reaction was stirred at 78° C for 30 min. A separate flame-dried 
flask was charged with boronate ester 4.62 (6.06 g, 96 wt%, 23.6 mmol) and diluted with 
THF (20 mL) under N2. The solution of boronate ester was then added dropwise to the 
solution of deprotonated O-methylhydroxylamine solution dropwise (syringe pump, 60 
mL/h). Upon completion, the reaction flask was warmed to room temperature and then 
heated to 60° C. After stirring at 60° C for 20 h, the reaction flask was cooled to room 
temperature, quenched with 3 mL of H2O and stirred for 30 minutes. The solution was 
then dried over MgSO4, filtered and concentrated in vacuo. The crude reaction mixture 
was purified by fractional distillation under high vacuum to afford the desired product 
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4.84 as a clear, colorless oil (2.04 g, 64% yield). The 
1
H and 
13
C NMR spectra were in 
accord with previously reported data.
52
 
 
4.7.8 Mechanistic Studies 
1. Deuterium-labeled Experiment 
The deuterium-labeled starting material was prepared as follows: 
 
In the glove box, an oven-dried 10 mL round-bottom flask with magnetic stir bar 
was charged with lithium 2,2,6,6-tetramethylpiperidide (125 mg, 0.85 mmol). The flask 
was sealed with a rubber septum, removed from the glove box, followed by the addition 
of THF (2.5 mL) under N2. The reaction mixture was cooled to 0 
o
C, and a solution of 
1,1-diboronate ester 4.40 (264 mg, 0.71 mmol) in THF (1 mL) was added via syringe and 
the mixture was allowed to stir at 0 °C for 10 minutes. D2O (26 L, 1.42 mmol) was 
added in one portion and the reaction was allowed to stir at 0 
o
C for 10 min. Upon 
completion, the reaction mixture was warmed to room temperature, filtered through a 
silica gel plug, rinsed with diethyl ether, and concentrated in vacuo. The crude reaction 
                                                 
 
52
 Guisado, C.; Waterhouse, J. E.; Price, W. S.; Jorgensen, M. R.; Miller, A. D. Org. Biomol. Chem. 2005, 3, 
1049. 
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mixture was purified on silica gel (hexanes: diethyl ether = 9:1) to afford the desired 
product as a white solid (206 mg, 78%).   
 
2,2'-(3-phenylpropane-1,1-diyl-1-d)bis(4,4,5,5-tetramethyl-1
,3,2-dioxaborolane) (d-4.40). 
1
H NMR (500 MHz, CDCl3): δ 
7.26-7.23 (2H, m), 7.18-7.12 (3H, m), 2.60-2.57 (2H, m), 
1.86-1.83 (2H, m), 1.24 (12H, s), 1.23 (12H, s); 
HRMS-(DART+) for 
12
C21
1
H34
2
H1
11
B2
16
O4 [M+H]
+
: calculated: 374.2784, found: 
374.2781. 
 
Procedure for Deborylative Alkylation Crossover Experiment: 
 
In the glove box, an oven-dried 2-dram vial with magnetic stir bar was charged 
with deuterated 1,1-diboronate ester d-4.40 (48.5 mg, 0.13 mmol), 4.46 (52.3 mg, 0.13 
mmol), NaOt-Bu (57.7 mg, 0.60 mmol), and THF (0.50 mL). The reaction mixture was 
allowed to stir at room temperature for 15 min, followed by the addition of 
1-bromododecane (48.0 L, 0.20 mmol). The vial was sealed with a polypropylene cap, 
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removed from the glove box, and was allowed to stir at room temperature for 3 hours. 
Upon completion, the reaction mixture was diluted with diethyl ether (2 mL), filtered 
through a silica gel plug, rinsed with diethyl ether, and concentrated in vacuo. The crude 
reaction mixture was purified on silica gel (hexanes: diethyl ether = 75:1 to 15:1) to 
isolate the desired product d-4.58 (38.6 mg, 93%) and 4.94 (22.4 mg, 50%). 
d-4.58 was oxidized to the corresponding alcohol to confirm the D-incorporation. 
 
 
4,4,5,5-tetramethyl-2-(1-phenylpentadecan-3-yl-3-d)-1,3,2-dio
xaborolane (d-4.58). 
1
H NMR (500 MHz, CDCl3): δ 7.28-7.25 
(2H, m), 7.19-7.14 (3H, m), 2.65-2.54 (2H, m), 1.76-1.70 (1H, 
m), 1.66-1.60 (1H, m), 1.46-1.34 (2H, m), 1.33-1.21 (32H, m), 0.88 (3H, t, J = 6.9 Hz); 
HRMS-(DART+) for 
12
C27
1
H47
2
H1
11
B1
16
O2 [M+H]
+
: calculated: 416.3810, found: 
416.3802. 
 
2-(1-(benzyloxy)pentadecan-3-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (4.94). 
1
H NMR (500 MHz, CDCl3): δ 
7.35-7.31 (4H, m), 7.27-7.24 (1H, m), 4.50 (2H, s), 3.44 (2H, t, 
J = 6.8 Hz), 1.79-1.72 (1H, m), 1.70-1.63 (1H, m), 1.44-1.25 (22H, m), 1.20 (12H, s), 
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1.07-1.02 (1H, m), 0.88 (3H, t, J = 6.8 Hz); 
13
C NMR (125 MHz, CDCl3): δ 138.8, 128.3, 
127.6, 127.3, 82.8, 72.7, 70.0, 31.9, 31.4, 31.3, 29.9, 29.70, 29.66, 29.64, 29.61, 29.57, 
29.3, 29.1, 24.8, 24.7, 22.7, 14.1; IR (neat): 2922.3 (s), 2852.4 (s), 1455.0 (w), 1379.7 
(m), 1313.9 (m), 1242.6 (w), 1144.7 (s), 1104.0 (m), 967.9 (w), 854.6 (w), 733.7 (m), 
696.8 (m) cm
-1
; HRMS-(DART+) for 
12
C28
1
H49
11
B1
16
O3 [M+H]
+
: calculated: 445.3853, 
found: 445.3872. 
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2. Mass Spectrometry Studies with 
10
B-labeled Enantioenriched Diboronate Esters 
a) Preparation of 
10
B-labeled Enantioenriched Starting Material: 
 
 
 
2-methoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane was prepared according to the 
literature procedure.
53
 
 
 
 
                                                 
 
53
 Boudet, N.; Lachs, J. R.; Knochel, P. Org. Lett. 2007, 9, 5525. 
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10
B-Labeled (E)-4,4,5,5-tetramethyl-2-styryl-1,3,2-dioxaborolane 4.96 was 
prepared according to the literature procedure.
38
 To an oven-dried 10 mL round-bottom 
flask with magnetic stir bar was charged with Ni(PPh3)2Cl2 (8.2 mg, 12.5 mol). The 
flask was sealed with a rubber septum and purged with N2. THF (2.5 mL) was added via 
syringe, followed by dropwise addition of DIBAL-H (0.49 mL, 2.75 mmol) at room 
temperature. The resulting black solution was cooled to 0 
o
C, and phenylacetylene (0.275 
mL, 2.50 mmol) was added dropwise over 5 minutes. The reaction mixture was allowed 
to warmed to room temperature and stirred for 6 hours. Upon completion, MeO
10
B(pin) 
(786 mg, 5.00 mmol) was added via syringe. The reaction mixture was allowed to stir for 
additional 24 hours, then quenched at 0 
o
C by dropwise addition of a saturated solution of 
Rochelle’s salt (2.5 mL), then stirred for 1 hour at room temperature. The layers were 
separated, and the aqueous layer was extracted with diethyl ether (10 mL×3). The 
combined organic layers were dried over anhydrous Na2SO4, filtered and concentrated in 
vacuo. The crude reaction mixture was purified on silica gel (hexanes: diethyl ether = 
25:1 to 10:1) to afford the (E)-isomer as a yellow oil in 61% yield (349 mg, 1.52 mmol). 
The NMR spectra were in accord with previously reported data.Error! Bookmark not 
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defined. HRMS-(DART+) for 
12
C14
1
H20
10
B1
16
O2 [M+H]
+
: calculated: 230.1593, found: 
230.1598. 
 
10
B-Labeled (E)-2-styryl-2,3-dihydro-1H-naphtho[1,8-de][1,3,2]diazaborinine 
4.97 was prepared according to the literature procedure with modification.
54
 4.96 (330 
mg, 1.43 mmol) and NaIO4 (918 mg, 4.29 mmol) were stirred in a mixture of THF (4 mL) 
and water (1.3 mL) for 30 minutes. Then aqueous HCl was added (1.00 mL, 1.0 M, 1.00 
mmol). The reaction was stirred for 17 hours at room temperature. Upon completion, the 
reaction mixture was diluted with water (3 mL) and extracted with ethyl acetate (6 mL×3). 
The combined organic layers were washed with water (3 mL×2) and brine (3 mL), dried 
over Na2SO4, filtered, and concentrated. 
The unpurified boronic acid and 1,8-diaminonaphthalene (215 mg, 1.36 mmol) 
were dissolved in toluene (5 mL), equipped with a Dean-Stark apparatus, and heated to 
reflux for 1.5 h. After cooled to room temperature, the reaction mixture was concentrated 
in vacuo, and purified on silica gel (hexanes: ethyl acetate = 30:1) to afford 4.97 as a 
                                                 
 
54
 Koyanagi, M.; Eichenauer, N.; Ihara, H.; Yamamoto, T.; Suginome, M. Chem. Lett. 2013, 42, 541. 
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yellow solid (267 mg, 69% yield in two steps). The 
1
H NMR spectrum was in accord 
with reported data in literature.
55
 
 
10
B-Labeled 2-(2-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)- 
2,3-dihydro-1H- naphtho[1,8-de][1,3,2]diazaborinine (4.98) was prepared according to 
the literature procedure.
56
 In the glove box, an oven-dried 2-dram vial with magnetic stir 
bar was charged with CuCl (1.5 mg, 0.015 mmol), NaOt-Bu (2.9 mg, 0.030 mmol), 
(R)-DTBM-Segphos (17.7 mg, 0.015 mmol), and toluene (0.4 mL). The mixture was 
stirred for 10 minutes at room temperature, then pinacolborane (87.0 μL, 0.60 mmol) was 
added and stirred for an additional 10 minutes. Substrate 4.97 (135.1 mg, 0.50 mmol) in 
toluene (1.2 mL) was added to the reaction mixture. The reaction was allowed to stir at 
room temperature for 20 hours. The reaction mixture was filtered through a pad of Celite, 
washed with diethyl ether, and concentrated in vacuo. The crude reaction mixture was 
purified on silica gel (hexanes:ethyl acetate = 10:1) to afford 4.98 as a pale grey solid 
(181 mg, 91% yield, 98:2 er). The 
1
H NMR spectrum was in accord with reported data in 
literature.
56 
                                                 
 
55
 Iwadate, N.; Suginome, M. Org. Lett. 2009, 11, 1899. 
56
 Feng, X.; Jeon, H.; Yun, J. Angew. Chem., Int. Ed. 2013, 52, 3989. 
321 
 
 
 
Analysis of Stereochemistry  
The enantioselectivity was determined by SFC analysis of the reaction product. 
The analogous racemic material was prepared using dppBz as the achiral ligand in the 
hydroboration reaction. The absolute stereochemistry was assigned according to the 
literature. 
 
Chiral SFC (OD-H, Chiraldex, 3 mL/min, 20% i-PrOH, 100 bar, 35 
o
C)-analysis of the 
reaction product. 
 
 
 
racemic enantioenriched 
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(S)-
10
B-4.48 was prepared according to the literature procedure.
57
 To a stirred 
solution of 4.98 (143 mg, 0.36 mmol) in THF (3.6 mL) was added aqueous 2 M H2SO4 
(0.54 mL, 1.08 mmol) and pinacol (213 mg, 1.80 mmol) sequentially. The reaction 
mixture was stirred at room temperature for 24 hours before quenched by the addition of 
water (4 mL).The reaction mixture was extracted with diethyl ether (3×5 mL), dried over 
Na2SO4, filtered, and concentrated in vacuo. The crude reaction mixture was purified by 
chromatography on silica gel (hexanes: diethyl ether = 9:1) to afford the desired product 
as a colorless oil (103 mg, 80%).  
 
b) Deborylative Alkylation Using 
10
B-Labeled Enantioenriched Diboronate Ester: 
 
The reaction was performed according to Representative Procedure for Deborylative 
Alkylation with (S)-
10
B-4.48 (46.4 mg, 0.13 mmol), 1-bromododecane (24.0 L, 0.10 
mmol), NaOt-Bu (28.8 mg, 0.30 mmol) and THF (0.50 mL) in 90% yield.  
                                                 
 
57
 Lee, J. C. H.; McDonald, R.; Hall, D. G. Nature Chemistry, 2011, 3, 894. 
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The enantiomers of the product were separated on chiral SFC. Fractions were 
collected directly from the waste end of SFC instrument (10 seconds for each fraction) 
and the product (neat) could be easily observed as an oil on the wall of the test tubes. The 
separated enantiomers were characterized by mass spectrometry. 
 
Chiral SFC (ODR-H, Chiraldex, 3 mL/min, 2% i-PrOH, 100 bar, 35 
o
C)-analysis of the 
reaction product. 
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c) Calculation of Mass Spectrometry: 
 
Natural abundance of carbon isotopes is 
12
C:
13
C = 0.989:0.011; 
Natural abundance of boron isotope is 
10
B:
11
B = 0.199:0.801; 
Abundance of boron isotope for the 
10
B-labeled product is 
10
B:
11
B =  
(0.500+0.500×19.9%):0.500×80.1% = 0.600:0.400 
Calculated [M+H]
+
 distributions for 
10
B-labeled product: 
m/z Formula of [M+H]
+
 calculated distribution (assuming racemization) combined 
400 
12
C26H46
10
B1O2 0.989
26
×0.600 = 45.0% 45.0% 
401 
12
C25
13
C1H46
10
B1O2 (26×0.989
25
×0.011)×0.600 = 13.0% 
43.0% 
12
C26H46
11
B1O2 0.989
26
×0.400 = 30.0% 
402 
12
C24
13
C2H46
10
B1O2 (26×25/2×0.989
24
× 0.011
2
)×0.600 = 1.8% 
10.5% 
12
C25
13
C1H46
11
B1O2
 
(26×0.989
25
×0.011)×0.400 = 8.7% 
403 
12
C23
13
C3H46
10
B1O2
 
(26×25×24/3/2×0.989
23
× 0.011
3
)×0.600 = 0.2% 
1.4% 
12
C24
13
C2H46
11
B1O2 (26×25/2×0.989
24
× 0.011
2
)×0.400 = 1.2% 
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Mass Spectrum of product (±)-4.60 using from non-labeled compound 4.48: 
 
Mass Spectrum of product (±)-4.60 using 
10
B-labeled compound (S)-
10
B-4.48: 
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Mass Spectrum of product (S)-4.60 from 
10
B-labeled experiment using (S)-
10
B-4.48: 
 
Mass Spectrum of product (R)-4.60 from 
10
B-labeled experiment using (S)-
10
B-4.48: 
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3. Analysis of Reaction Intermediates by 
13
C-Labeled Experiments 
a) Preparation of 
13
C-Labeled Geminal Diboronate Ester: 
 
The 
13
C-labeled aldehyde 4.106 was prepared from palmitic acid-1-
13
C according 
to the literature procedure.
58
  
The 
13
C-labeled dibromide 4.107 was prepared according to Representative 
Procedure for Preparation of Geminal Diboronate Esters (Method A) with triphenyl 
phosphite (348 mg, 1.12 mmol), bromine (0.57 mL, 1.12 mmol), triethylamine (0.43 mL, 
3.06 mmol), 4.106 (246 mg, 1.02 mmol) and anhydrous DCM (10 mL). The crude 
reaction mixture was purified by column chromatography on silica gel (100% hexanes, 
stain in PMA) to afford the 1,1-dibromide with a small amount of impurity as a colorless 
oil (360 mg, 92%). 
1,1-dibromo-1λ3-hexadecane-1-13C (4.107). 1H NMR (500 MHz, 
CDCl3): δ 5.70 (1H, dt, J = 177.5, 6.3 Hz), 2.41-2.36 (2H, m), 
1.54-1.50 (2H, m), 1.31-1.26 (24H, m), 0.88 (3H, t, J = 6.9 Hz). 
13
C NMR (125 MHz, 
CDCl3): δ 46.3 (CHBr2), 45.6, 31.9, 29.69, 29.67, 29.66, 29.62, 29.56, 29.44, 29.35, 
                                                 
 
58
 Li, J.; Sun, C.; Demerzhan, S.; Lee, D. J. Am. Chem. Soc. 2011, 133, 12964. 
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29.32, 28.3, 28.2, 28.1, 22.7, 14.1; IR (neat): 2921.9 (s), 2852.3 (m), 1465.0 (w), 1154.2 
(w), 721.4 (w), 653.8 (w), 583.1 (w), 556.7 (w) cm
-1
. 
 
The 
13
C-labeled diboronate ester 4.104 was prepared according to Representative 
Procedure for Preparation of Geminal Diboronate Esters (Method A) with CuI (17.3 mg, 
0.091 mmol), LiOMe (82.0 mg, 2.16 mmol), B2(pin)2 (438 mg, 1.73 mmol), 
1,1-dibromide 4.107 (348 mg, 0.91 mmol) and DMF (2 mL). The crude reaction mixture 
(DMF solution) was directly purified on silica gel (hexanes: diethyl ether = 15:1) to 
afford the desired product 4.104 as a colorless oil (261.3 mg, 60%). 
2,2'-(1λ3-hexadecane-1,1-diyl-1-13C)bis(4,4,5,5-tetrameth
yl-1,3,2-dioxaborolane)
 
(4.104). 
1
H NMR (500 MHz, 
CDCl3): δ 1.55-1.53 (2H, m), 1.31-1.22 (50H, m), 0.88 
(3H, t, J = 6.9 Hz), 0.71 (1H, dt, J = 111.5, 7.8 Hz). 
1
H 
NMR (500 MHz, THF-d8): δ 1.48 (2H, br s), 1.33-1.27 (26H, m), 1.181 (12H, s), 1.176 
(12H, s), 0.89 (3H, t, J = 6.9 Hz), 0.56 (1H, dt, J = 111.0, 7.6 Hz). 
13
C NMR (125 MHz, 
CDCl3): δ 82.8, 32.6, 31.9, 29.71, 29.70, 29.67, 29.65, 29.62, 29.59, 29.55, 29.4, 25.8, 
25.6, 24.8, 24.5, 22.7, 14.1, 10.7 (br, C-B); 
13
C NMR (125 MHz, THF-d8): δ 83.4, 33.5, 
33.0, 30.87, 30.84, 30.81, 30.79, 30.76, 30.70, 30.5, 26.9, 26.7, 25.4, 25.1, 23.7, 14.6, 
11.5 (br, C-B); IR (neat): 2976.9 (w), 2922.5 (s), 2852.9 (m), 1465.8 (w), 1350.5 (m), 
1310.3 (s), 1265.4 (m), 1215.0 (w), 1140.2 (s), 969.4 (w), 849.2 (w) cm
-1
; 
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HRMS-(DART+) for 
12
C27
13
C1
1
H57
11
B2
16
O4 [M+H]
+
: calculated: 480.4477, found: 
480.4480. 
 
The 
13
C-labeled diboronate ester 4.99 was prepared according to Representative 
Procedure for Preparation of Geminal Diboronate Esters (Method C) with 4.104 (118 mg, 
0.25 mmol), LTMP (40 mg, 0.27 mmol), benzyl bromide (36 L, 0.30 mmol) and THF 
(2.5 mL). The crude reaction mixture was purified by column chromatography on silica 
gel (20:1 hexanes/diethyl ether, stain in CAM) to afford a colorless oil (95.2 mg, 67%), 
which turned to a white solid after stored in freezer overnight. 
2,2'-(1-phenylheptadecane-2,2-diyl-2-
13
C)bis(4,4,5,5-tetr
amethyl-1,3,2-dioxaborolane)
  
(4.99). 
1
H NMR (500 
MHz, CDCl3): δ 7.24-7.18 (4H, m), 7.13-7.10 (1H, m), 
2.97 (2H, d, JC-H = 3.9 Hz), 1.54-1.48 (2H, m), 1.37-1.24 
(38H, m), 1.20 (12H, s), 0.88 (3H, t, J = 6.8 Hz); 
1
H NMR (500 MHz, THF-d8): δ 
7.21-7.20 (2H, m), 7.16-7.13 (2H, m), 7.07-7.04 (1H, m), 2.91 (2H, d, JC-H = 3.4 Hz), 
1.48-1.44 (2H, m), 1.39-1.25 (26H, m), 1.21 (12H, s), 1.17 (12H, s), 0.89 (3H, t, J = 6.9 
Hz); 
13
C NMR (125 MHz, CDCl3): δ 142.0, 129.7, 127.6, 125.4, 83.1, 34.6, 34.4, 31.9, 
30.3, 30.2, 29.71, 29.66, 29.4, 28.8, 28.6, 27.2, 25.0, 24.7, 22.7, 21.6 (br, C-B), 14.1; 
13
C 
NMR (125 MHz, THF-d8): δ 143.2, 130.7, 128.5, 126.3, 83.8, 36.0, 35.8, 33.0, 31.61, 
31.57, 30.9, 30.83, 30.79, 30.72, 30.5, 30.1, 29.9, 28.2, 25.7, 25.2, 23.7, 22.6 (br, C-B), 
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14.6; IR (neat): 2977.9 (w), 2924.1 (s), 2853.4 (m), 1465.4 (w), 1370.9 (m), 1346.6 (m), 
1309.8 (m), 1257.4 (m), 1213.1 (w), 1138.8 (s), 972.0 (w), 856.5 (w), 698.7 (w) cm
-1
; 
HRMS-(DART+) for 
12
C34
13
C1
1
H63
11
B2
16
O4 [M+H]
+
: 570.4946, found: 570.4954. 
 
b) 
13
C NMR Experiments  
 
In the glove box, an oven-dried NMR tube was charged with diboronate ester 4.99 
(44.4 mg, 0.078 mmol), NaOt-Bu (17.3 mg, 0.18 mmol) and THF-d8 (0.60 mL). The 
NMR tube was sealed with a rubber septum, removed from the glove box, and monitored 
by 
13
C NMR at 25 
o
C. After 3 hours, 1-bromododecane (14.4 L, 0.060 mmol) was added 
via syringe, and the reaction was again tracked by 
13
C NMR. After 14 hours, the reaction 
mixture was diluted with diethyl ether, filtered through a silica gel plug, rinsed with 
diethyl ether, and concentrated in vacuo. The crude reaction mixture was purified on 
silica gel (hexanes: diethyl ether = 100:1) to afford the desired product 4.103 (24.2 mg, 
66% yield) and the protodeboronation product 4.100 (5.3 mg). 
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13
C NMR Spectra of the Reaction (125 MHz, THF-d8, δ 6010 ppm): 
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2-(13-benzyloctacosan-13-yl-13-
13
C)-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane
 
(4.103). 
1
H NMR (500 MHz, CDCl3): 
δ 7.24-7.21 (2H, m), 7.18-7.13 (3H, m), 2.70 (2H, d, JC-H = 
4.4 Hz), 1.29-1.27 (50H, m), 1.21 (12H, s), 0.89 (6H, t, J = 
7.3 Hz); 
1
H NMR (500 MHz, THF-d8): δ 7.17-7.16 (4H, m), 7.11-7.07 (1H, m), 2.67 (2H, 
d, JC-H = 3.9 Hz), 1.36-1.30 (50H, m), 1.20 (12H, s), 0.89 (6H, t, J = 7.3 Hz); 
13
C NMR 
(125 MHz, CDCl3): δ 140.2, 130.3, 127.6, 125.5, 83.0, 40.0, 39.7, 34.4, 34.2, 31.9, 30.5, 
30.4, 30.3 (br, C-B), 29.72, 29.69, 29.67, 29.4, 25.1, 24.8, 22.7, 14.1; 
13
C NMR (125 
MHz, THF-d8): δ 141.3, 141.2, 131.21, 131.20, 128.5, 126.5, 83.96, 83.95, 41.3, 41.0, 
35.7, 35.4, 33.0, 31.69, 31.65, 31.4 (br, C-B), 30.84, 30.83, 30.82, 30.79, 30.78, 30.76, 
30.5, 26.0, 25.6, 23.7, 14.6; IR (neat): 2921.2 (s), 2851.7 (m), 1463.9 (m), 1376.8 (m), 
1307.3 (m), 1264.9 (w), 1211.6 (w), 1143.5 (m), 966.3 (w), 854.1 (w), 721.6 (w), 701.3 
(m) cm
-1
; HRMS-(DART+) for 
12
C40
13
C1
1
H76
11
B1
16
O2 [M+H]
+
: calculated: 612.5972, 
found: 612.5984. 
 
2-(13-benzyloctacosan-13-yl-13-
13
C)-4,4,5,5-tetramethyl-1,3
,2-dioxaborolane
 
(4.100). 
1
H NMR (500 MHz, THF-d8): δ 
7.19-7.14 (4H, m), 7.09-7.05 (1H, m), 2.72-2.66 (1H, m), 
2.61-2.56 (1H, m), 1.42-1.29 (28H, m), 1.20-1.14 (1H, m), 1.14 (6H, s), 1.11 (6H, s), 
0.89 (3H, t, J = 7.3 Hz); 
13
C NMR (125 MHz, THF-d8): δ 143.6, 129.8, 128.8, 126.4, 83.7, 
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38.5, 38.3, 33.0, 32.3, 32.1, 31.01, 30.98, 30.81, 30.77, 30.7, 30.5, 30.1, 27.1 (br, C-B), 
25.5, 25.32, 25.28, 23.7, 14.6; IR (neat): 2921.9 (s), 2852.2 (m), 1455.8 (w), 1371.2 (m), 
1317.3 (m), 1143.8 (m), 967.3 (w), 862.4 (w), 743.1 (w), 698.3 (w) cm
-1
; 
HRMS-(DART+) for 
12
C28
13
C1
1
H52
11
B1
16
O2 [M+H]
+
: calculated: 444.4094, found: 
444.4094. 
 
c) 
13
C NMR Spectra of ,-Diboryl Carbanion 
 
In the glove box, an oven-dried 2-dram vial with magnetic stir bar was charged 
with LTMP (4.4 mg, 0.030 mmol) and THF-d8 (0.60 mL). The vial was sealed with a 
polypropylene cap and cooled in the glove box freezer (30 oC) for 10 min. Diboronate 
ester 4.99 (14.4 mg, 0.030 mmol) was then added and the mixture was allowed to warm 
to room temperature and stirred for 10 min. Upon completion, the reaction mixture was 
transferred to a NMR tube, sealed, removed from the glove box, and analyzed by 
13
C 
NMR.
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13
C NMR of 4.104 (THF-d8, 0.05 M) 
 
 
 
13
C NMR of 4.104 with 1.0 equiv. LTMP (THF-d8, 0.05 M) 
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